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Abstract 
Depleting fossil fuels, global warming and carbon emissions problems has led 
to the big revolution in the field of sustainable power generation during last couple of 
decades. Thermoelectric generators (TEG) gathered the attention during this period as 
potential devices that can generate electricity in sustainable way. Thermoelectric 
generators (TEG) work on the principle of Seebeck effect and can convert thermal 
energy directly to electricity. These devices are sometimes also referred as static heat 
engines since they can convert heat to electrical energy without any moving 
components and with almost zero maintenance. Thermoelectric generators produce 
high open circuit voltage at high temperature difference across its hot and cold side. 
High temperature can be achieved by applying large heat flux on the hot side of TEG 
and low temperature on the cold side will needs effective heat sink. Commercially 
available thermoelectric devices have low figure of merit which lead to low conversion 
efficiency. This restricts the user from using the active cooling systems on the cold side 
to lower the temperature for better thermoelectric power generation. Therefore there is 
an inherent need to find the suitable passive cooling technique for the commercially 
available thermoelectric generators.  
The primary aim of the research presented in this thesis is to investigate the 
conventional passive cooling techniques and find the limiting heat flux that can be 
reached for commercially available thermoelectric generators with these conventional 
passive cooling methods. Further this research introduces and explores a novel passive 
cooling technique using the heat pipe for cooling of commercially available 
thermoelectric generators. Two commercial thermoelectric generators are selected for 
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testing the conventional passive heat sinks and the non-conventional innovative cooling 
heat sink. Thermodynamic properties of the TEG are tested in the lab to confirm the 
manufacturer’s specifications. Theoretical analysis presented in this thesis for 
conventional heat sinks along with commercial TEG highlights the thermal 
performance of heat sinks and TEG’s. It is proposed to have an indoor and outdoor 
testing setup for this research. Outdoor setup consists of a Fresnel lens to achieve the 
high heat flux for hot side of thermoelectric generator and it also demonstrates the use 
of solar energy as renewable energy source for power generation using TEG’s. Along 
with outdoor setup, an indoor test setup is proposed to be used for extensive testing of 
the conventional passive heat sinks along with the commercial thermoelectric 
generators without having to wait for suitable outdoor test conditions. Indoor setup uses 
cartridge electric heaters embedded in the aluminium block to simulate the high heat 
flux from the solar concentrator. The whole indoor test setup is placed in the wind 
tunnel to simulate the outdoor ambient wind conditions.   
Three conventional passive heat sinks are tested in this research for their 
thermal performance along with each of two commercial thermoelectric generators 
under high heat flux. Conventional heat sink configurations include bare plate as heat 
sink, finned heat sink and heat pipe finned heat sink. Limiting heat flux is established 
for all three conventional passive heat sink to be used for two thermoelectric generators. 
It is observed that the bare plate passive heat sink yields lowest heat flux handling 
capability with as expected and heat pipe heat sink shows higher heat flux handling 
capability.  
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A novel and non-conventional passive heat sink is proposed in the further part 
of this research. This heat sink uses heat pipes to transfer the heat away from the cold 
side of thermoelectric generators and dump the heat into water instead of just cooling it 
with air. This system also opens an avenue for a utilizing this heat dumped in the water 
for either water heating or desalination purpose. Having heat pipe being cooled 
passively using water enhances the heat flux capabilities of the heat sink and proves to 
be the heat sink with highest heat flux handling capacity from amongst the heat sinks 
under research in this thesis.  
A case study with application of this non-conventional heat sink is presented at 
the end of the thesis for a remote area house hold. System is designed and analysed for 
electricity and hot water demand fulfilled by using solar concentrator system for high 
heat flux with thermoelectric generators for electricity generation and passive water 
cooled heat pipe heat sink for hot water demand of the remote area home.  
In conclusion of this research, an analytical model is established to determine 
the limiting heat flux for thermoelectric generator with known thermal properties for 
any passive cooling heat sink. Limiting heat flux for two commercially available TEG’s 
is established for conventional passive heat sinks. A non-conventional passive heat sink 
is introduced for cooling of TEG’s and heat flux capabilities for this heat sink with two 
TEG’s are established. It is shown that the thermoelectric power generation has a bright 
future to get into small to medium scale mainstream power generation with existing 
figure of merit of materials. Further research and development in the field of materials 
can lead to higher figure of merit for thermoelectric materials that can compete with the 
existing conventional heat engines mainstream large scale power production. 
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Chapter 1 Introduction 
1.1 Motivation and Research Aim 
Key inspiration behind this research was the attractive technology of 
thermoelectric generator (static heat engine) and the need of having passive cooling for 
these devices to be used with the low grade heat for power generation.  The preliminary 
aim of this research is to investigate the use of conventional passive cooling heat sinks 
with thermoelectric generators and determine the maximum limiting heat flux that can be 
applied to commercially available thermoelectric generators. This research also aims at 
proposing a new passive heat sink that is capable of stretching the heat flux limits beyond 
the conventional heat sinks.  
Various configurations of conventional heat sinks are investigated in this research 
and thermal and electrical performance of the thermoelectric generators is estimated 
under these conditions. 
1.2 Background 
During the last century numerous discoveries in science have led to an industrial 
revolution and technological boom all over the world. The need for energy has vastly 
grown with human dependence on technology and colossal growth in world population. 
Annual global energy consumption in 1973 was 6107Mtoe which almost doubled in less 
than 4 decades to reach 12717Mtoe in 2012(IEA, 2011, Baranowski et al., 2012). 
Humans have exploited the fossil fuel resources around the world to serve for this 
extreme and ever growing need for energy. Total electricity demand is expected to rise at 
a faster rate than the energy supply in coming years(IEA, 2011, Baranowski et al., 2012). 
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There has been a need for a viable alternative energy source to replace fossil fuels for 
energy generation since last few decades. This has changed the human outlook towards 
energy and it has literally transformed the math behind the economics in the world. Some 
of the significant alternative energy sources that have progressed well to make their way 
in the main stream power market include solar, wind, biofuel, geothermal and hydrogen 
energy. Out of these alternative energy sources availability of solar energy is abundant 
and equal all over the earth which makes it more attractive and gives an edge over the 
others.  
1.3 Harvesting solar energy 
Solar energy can be harvested in two different technologies namely, using 
photovoltaic technology and solar thermal technology. Photovoltaic technology converts 
the light energy directly to electrical energy, while solar thermal technology converts 
light energy to thermal energy which can be stored and converted to electrical energy 
using heat engines. 
1.3.1 Photovoltaic technology 
Photovoltaic power generation technology is thriving in the research precinct and 
has been the centre of attraction because of its ability to produce high grade energy 
directly from sun light without any moving parts. It has also shown good prospect to be 
one of the major alternative electricity generation sources that can be connected to the 
existing grid. The cost of photovoltaic panels remains the major concern and hurdle in 
front of the researchers to break through and enter the main stream power generation. PV 
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panels also depend on availability of sun for power generation and hence cannot be used 
for base load energy demand.  
1.3.2 Solar thermal technology 
Solar thermal energy has been harvested since old days and being used for 
domestic thermal energy needs such as water heating or space heating and cooling. Low 
temperature solar collectors are used for passive domestic thermal management by 
designing the appropriate architecture for heating and natural circulation of air for 
cooling (Lechner, 2009). Solar thermal collectors such as solar ponds, solar furnace or 
solar evaporation ponds are used to store or provide the large quantity heat at low 
temperature(Akbarzadeh and Ahmadi, 1980). Medium temperature solar thermal 
application includes solar drying, solar distillation and industrial applications requiring 
thermal energy(Yaldýz and Ertekýn, 2001). High temperature solar thermal energy is 
harvested using solar concentrators and most commonly used for power generation. 
During last 4 decades high temperature solar thermal energy has been under research for 
power generation using various technologies. The most common way of converting high 
temperature solar thermal energy to electricity is by using the conventional heat engines. 
High temperature solar thermal energy can be collected using various solar concentrators 
such as parabolic trough dish, parabolic solar dish, reflecting mirrors, Fresnel lens and 
central. 
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1.4 Heat engine 
 
Figure 1 Schematic of Heat Engine  
 
Thermal energy can be converted to work using heat engines. Schematic of a 
typical heat engine showing its components is illustrated in Figure 1. The heat engine 
setup consists of a high temperature heat source and a low temperature heat sink and the 
work energy is extracted from the heat engine itself. Heat engines are broadly classified 
as conventional heat engines also referred as dynamic heat engine and non-conventional 
heat engines also referred as static heat engine. Carnot theorem states that the maximum 
efficiency of any heat engine is limited by the difference in the temperature of the heat 
source and the heat sink. Most conventional heat engines are supplied with heat by 
burning the fossil fuels to achieve high temperature heat source and active cooling 
systems are used to dissipate the heat from the heat sink. Whereas non-conventional heat 
engines can work with low temperature and generally use the renewable energy sources 
or waste heat as heat source.  
1.4.1 Conventional heat engine / Dynamic heat engine 
Conventional or dynamic heat engines are the most commonly used devices to 
convert thermal energy to electrical energy. This technology is well-developed and 
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requires high temperature heat source and low temperature heat sink. Use of an active 
cooling system for conventional heat engines working on high grade heat at high 
temperature is justified due to their high energy conversion efficiency. Most common 
way of active cooling for the heat sink includes circulating heat transfer fluid through the 
cooling jacket in the heat sink.  
1.4.2 Non-conventional heat engine / Passive heat engine (Thermoelectric 
generators) 
Non-conventional or static heat engines have gathered attention of researchers 
over last few decades due to its silent working, no moving parts and almost zero 
maintenance. Thermoelectric generator is the best example of the static heat engine and is 
one of the most promising technologies that can be used with low grade thermal energy 
for power generation. Thermoelectric generator is a device that can directly converts 
thermal energy to electrical energy without any moving parts.  
Thermoelectric generators work on the principle of Seebeck effect which states 
that when ends of any two dissimilar metals are joined together and maintained at 
different temperatures, the open circuit voltage is generated across the circuit. 
Commercial thermoelectric generators use semiconductors instead of metals and are very 
compact in size. They have number of p junction and n junction couples connected in 
series and sandwiched between ceramic plates. Due to their compact size, considerably 
high heat flux is required at the heat source for their better performance. Conversion 
efficiency of commercially available thermoelectric generators is lower than conventional 
heat engines and high heat flux working condition demands a better cooling on the heat 
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sink to maintain the considerable temperature difference between the hot and the cold 
side to achieve high open circuit voltage.  
Researchers have investigated the use of various heat sources for thermoelectric 
power generation such as solar thermal energy, solid waste combustion, thermal waste 
from industry and power plants, geothermal energy at low to medium temperature and 
energy recovery from the engine exhaust(Rowe and Bhandari, 1983, Rowe, 1995, Ono 
and Suzuki, 1998). However most of these researchers have focused on active cooling 
method rather than passive cooling for the thermoelectric power generation from low 
grade heat.  
1.5 Heat flux and passive cooling  
As discussed in the earlier section, thermoelectric generators are passive heat 
engines that have an advantage over the conventional heat engines and can be a good 
alternative power generation technology. They perform better under the high heat flux 
which leads to high working temperature. However every commercial thermoelectric 
generator has a maximum limiting working temperature, a constraint set by the 
combination of melting point of material used for welding the connector plates to the P 
and N couples and the melting point of the semiconductor material itself. Effective 
cooling is required to maintain the hot side temperature of TEG within the working limit. 
Due to low conversion efficiency of thermoelectric generators, it is most suitable to use 
the passive cooling heat sinks for thermoelectric generators that will not have any 
auxiliary power consumption. 
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1.6 Scope 
In this research two commercially available thermoelectric generators (TEG’s) 
were studied with various passive heat sink configurations to determine their thermal and 
electrical performance characteristics. 
 The primary scope of this research was to propose the various passive heat 
sink configurations that are suitable to be used with TEG’s.  
 Choosing two commercial thermoelectric generators for testing in this 
research and experimentally confirming some of their manufacturers 
specifications about thermal properties.  
 Developing the theoretical model for prediction of parameters such as 
limiting heat flux that can be applied to each thermoelectric generator, 
temperature distribution across the heat sink and thermoelectric generator. 
 Designing the test rigs for experiments.  
 Validating the theoretical model with actual experiments and determining 
the electrical performance parameters for thermoelectric generator such as 
open circuit voltage and maximum power point at various operating heat 
flux and temperatures.  
 Determining the best passive heat sink configuration that can allow 
maximum heat flux over chosen thermoelectric generators while 
maintaining the limiting hot side temperature. 
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1.7 Research questions 
1. Is it feasible to use passive cooling for thermoelectric power generation 
and what are the different ways of passive cooling that can be used for 
thermoelectric power generation? 
2. What will be the limiting heat flux for commercial thermoelectric 
generators when used along with conventional passive heat sink 
configurations? 
3. Could there be any other passive heat sink design that can achieve higher 
cooling heat flux as compared to conventional heat sink configurations? 
1.8 Research Methodology 
Initial stage of research would comprise of an extensive literature review and 
survey of the past publications and thesis in the area of passive cooling. Literature review 
will also extend to investigate the low grade energy sources and use of thermoelectric 
generators with passive cooling and low grade thermal energy for power generation. 
Solar thermal energy will be used as a heat source in this research since it is one of the 
most easily accessible energy sources.  Literature review will also cover solar collectors 
and solar concentrator’s that can be used for further experimentation of the thermoelectric 
power generation using passive cooling heat sinks. Two commercially available 
thermoelectric generators will be selected for theoretical modelling and testing in this 
research. A computer model will be developed for energy balance of the system to 
predict the thermal performance and to predict the theoretical limits of maximum heat 
flux for the selected thermoelectric generators while maintaining its hot side temperature 
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within the limits. The outdoor experiments will be supported with the indoor test setup to 
be able to perform extensive experiments without disruptions due to outdoor weather 
conditions. Indoor test setup will consist of a simulated heat source to generate high heat 
flux and use of wind tunnel to simulate the outdoor wind conditions. These two different 
test setups for indoor testing and outdoor testing are proposed to be designed and 
manufactured in the RMIT University with the assistance of workshop. Indoor test setup 
will incorporate resistive heating cartage elements embedded in an aluminium block to 
simulate the solar heat flux and replicate the outdoor testing conditions. These tests are 
proposed to be conducted in the medium size portable wind tunnel at air speed varying 
from 0m/sec till 5m/sec by the step of 1m/sec. These setups will be used to investigate 
the performance of the conventional heat sinks such as bare plate, finned passive cooling, 
and heat pipe finned passive cooling of thermoelectric generators. A separate setup will 
be built to investigate the performance of the heat pipe cooling heat sink. A non-
conventional heat sink will be investigated for maximizing the limiting heat flux of 
TEG’s under passive cooling conditions. These tests will be repeated to validate the 
consistency of the results. Outdoor setup will consist of the two axis solar tracking 
system attached with the Fresnel lens as a solar concentrator. All indoor results with 
simulated condition will be validated against the outdoor tests.  
1.9 Organisation of desertion 
This thesis is divided in seven chapters including the chapter of introduction to 
the thesis. Following is the overview of the content of chapters two through seven.   
Chapter two is titled as literature review. This chapter included the literature 
survey on the existing passive cooling techniques that are used for various applications. 
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Literature survey further discusses various heat sources that can be used for 
thermoelectric power generation but focuses more on the solar thermal technology since 
that will be used in this research. Types of solar concentrator collectors are listed and 
briefly described in this chapter. This chapter also describes the previously investigated 
thermoelectric power generation systems with active or passive cooling techniques.  
Chapter three titled ―Theoretical analysis of conventional passive heat sink‖. This 
chapter includes the theoretical analysis of the conventional passive cooling system under 
testing in this research. The fin optimization is presented in the initial part of this chapter 
followed by the theoretical model with energy balance equations for conventional heat 
sinks. Theoretical results are presented and the maximum limiting heat flux curve is 
illustrated for two commercial thermoelectric generators.  
Chapter four is titled as ―Test setup and procedure, experimental results, and 
discussion for conventional passive heat sink‖. First section of this chapter describes the 
experimental test setup and test procedure for the indoor testing with the specification of 
the measuring instruments used for the indoor and outdoor testing. The outdoor test setup 
and test procedure with twin axis solar tracking system and a Fresnel lens solar 
concentrator are described in later part of this chapter. All the indoor testing results are 
presented for various conventional passive cooling heat sinks and the outdoor testing 
results are compared with the indoor results. Finally the experimental results are 
compared with the theoretical predictions made in chapter three and discussed. 
Chapter five is titled as ―Theoretical analysis, experimental results and discussion 
for non-conventional‖. A non-conventional passive cooling heat sink is proposed in this 
chapter to be combined with solar concentrator and thermoelectric generator to enhance 
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the limiting heat flux capacity of the commercial TEG’s. Initial section presents the 
theoretical analysis and the system design of the proposed concept. An experimental 
setup is designed and explained in detail in the further section. Experimental results are 
presented and compared with theoretical predictions for validation of theoretical model. 
In addition to this a case study of a non-conventional passive heat sink with 
thermoelectric power generator and water heating system is presented for a domestic 
application.  A remote house is considered for the case study with an electric and hot 
water demand.  A system is proposed with power generation and hot water production 
ability for this remote house.  
Chapter six includes the conclusions for the presented research and some 
recommendations for future work that can be developed on the existing research.  
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Chapter 2 Literature review  
 
2.1 Introduction 
This chapter presents the literature survey to summarise the previous work done 
on the various research objectives defined in the earlier chapter. Initial section of this 
literature review focuses on the various renewable and sustainable thermal energy 
sources and emphasises on the solar energy source since it will be used for the 
experiments in this research due to its ease of accessibility.  
Following section of the literature survey discusses about various cooling 
technologies and their advancements and highlights the importance of passive cooling in 
the application of heat engines. The existing passive cooling methods used in various 
applications are discussed. Working of static heat engine or thermoelectric generator is 
illustrated and the dimensionless number called figure of merit (Rowe, 1995) is defined 
that evaluates the performance of a thermoelectric generator. Existing commercial 
thermoelectric technology is not much developed and have low figure of merit resulting 
in lower electric conversion efficiency (Rowe, 1995). These thermoelectric power 
generation modules also have a limiting hot side temperature that is set by the material 
used to manufacture the P and N junction and the soldering process used to connect them 
with the connector plates. The existing technology and materials used for manufacturing 
TEG’s is reviewed along with the development and advancement in the field of materials 
for thermoelectric generators.  
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The subsequent section of the literature review illustrates the existing 
thermoelectric power generation systems with cooling techniques proposed by various 
researchers.  
2.2 Thermoelectricity  
Thermoelectric effect was first observed by a German Physicist Thomas Johann 
Seebeck back in 1821. He found that when two dissimilar metals are connected in a 
circuit and maintained at different temperatures, there is a deflection in the compass 
magnet. Initially he believed that it was due to the magnetism induced by temperature 
difference. However he later realised that it was the electrical current flowing through the 
dissimilar metals that introduced magnetic field. About 13 years later in 1834 a French 
Physicist Jean Charles Athanase Peltier discovered the inverse Seebeck effect in which 
the junctions of dissimilar metals A and B supplied with the electrical current produces 
temperature difference between the junctions. This effect is hence known after name Jean 
Peltier as Peltier effect. 
 
Figure 2 Schematic of Seebeck and Peltier Effect 
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Since the discovery of Seebeck and Peltier effect this technology has gained great 
importance in the fields of mechanical and thermal engineering due to its unique nature 
of silent operation. Thermoelectric modules do not have any moving parts and this 
fascinating feature has inspired scientists to further investigate this technology. In early 
periods thermoelectric devices were more commonly used as heat pumps due to its 
compact nature and absence of any working fluid. Thermoelectric power generator could 
not compete with the thermal efficiency of the dynamic or conventional heat engines. 
However the recent increase in the cost of fossil fuels has boosted the development in 
thermoelectric materials with higher figure of merit and has increased the prospects of 
thermoelectric power generators to come into main stream power generation.  
Conventionally bismuth chalcogenides such as Bi2Te3 and Bi2Se3 are amongst 
the best performing thermoelectric materials with figures of merit ranging in between 0.8 
to 1.0(Rowe, 1995). Lead telluride is another thermoelectric material which, when doped 
with thallium, achieves a figure of merit of 1.5 at 773 K(Heremans et al., 2008). 
Magnesium compounds are good thermoelectric materials with figure of merit values 
comparable to those of the bismuth chalcogenides.  A Figure of merit value of 0.9 at 800 
K for magnesium compounds has been reported by Rowe(Rowe, 1995). Recently 
skutterudite, which is a cobalt arsenide mineral with variable amounts of nickel and iron, 
has increased the research interest because of its thermoelectric properties. These 
materials have shown potential for multistage thermoelectric devices, which can exceed a 
figure of merit beyond 1 (Rowe, 1995). Furthermore, the use of oxides in thermoelectrics 
has potential to be used at higher temperatures up to 1000K. An example of an oxide 
thermoelectric material is the combination of strontium tritanate and strontium oxide. The 
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figure of merit of oxide materials is relatively lower than conventional thermoelectric 
materials and was reported to be 0.34 at 1000K by Wunderlich (Wunderlich et al., 2005). 
Half Heusler alloys have also shown potential as high temperature thermoelectric 
materials especially as n-type materials. A figure of merit of 0.8 at 1000 K has been 
reported for MNiSn (M = Ti, Zr, Hf) when doped with antimony (Culp et al., 2006). 
Recently, nanostructured materials have shown a great deal of promise in enhancing the 
figure of merit for thermoelectric materials such that these devices can compete with 
conventional heat engines and cement their position in the mainstream power industry. 
Nano structuring of bismuth chalcogenide has shown a significant improvement in the 
figure of merit of the p-type material raising it up to 2.4 (Venkatasubramanian et al., 
2001). Quantum dots super lattice thermoelectric materials based on lead selenium and 
tellurium have shown an enhancement in the value of figure of merit to 1.5 which is more 
than that for thermoelectric materials produced on large scale(Harman et al., 2002, Alam 
and Ramakrishna). Recent research conducted in the AMES laboratory in conjunction 
with US EFRC programs suggests that adding a small amount of rare earth metal to the 
thermoelectric material, improves its figure of merit by distorting the local crystalline 
structure that enables high energy carriers to move through the material, while providing 
a barrier to lower energy carriers. It was shown by AMES laboratory researchers that by 
adding a small amount of dysprosium to the thermoelectric material known as TAGS-85, 
its figure of merit increases from 1.3 to 1.5 (E. M. Levin, 2012). Researchers at the 
University of Michigan along with the US EFRC have also suggested that the creation of 
a local atomic disorder in thermoelectric materials with atomic vibrations that controls 
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transport of heat would be interrupted and would result in low thermal conductivity(Kim 
et al., 2010, Chi et al., 2012).  
2.3 Sources of thermal energy  
Based on the thermodynamic definition the thermal energy can be classified as 
high grade thermal energy as well as low grade thermal energy. High grade thermal 
energy refers to the high temperature heat source whereas the low grade thermal energy 
refers to the low temperature heat sources. Thermal energy can be resourced from various 
renewable and non-renewable resources such as burning fossil fuels, radioactive 
materials, solar thermal energy, geothermal energy, industrial waste heat etc. 
Majority of conventional heat engines utilise fossil fuels as a source of thermal 
energy for power generation. A radioactive isotope is the only thermal energy source that 
has been successfully used along with non-conventional heat engine (thermoelectric 
generators) for power generation. Geothermal energy is another clean source of thermal 
energy that can be utilised for power generation using conventional or non-conventional 
heat engines. Geothermal energy is abundantly available across the globe and is a 
renewable and sustainable natural energy resource that is underutilised(Sigfusson, 2012, 
IEA, 2011), (M.M. He, 2006, Allen A, 2010). 
Solar energy is one of the most easily accessible source of thermal energy and 
hence is being used as a heat source in this work. Next section of this chapter elaborates 
more on the solar energy as the source of thermal energy to be used along with non-
conventional heat engines.  
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2.3.1 Solar thermal energy 
Solar energy has been the most promising renewable source of energy that can 
replace majority of conventional non renewable energy sources for power generation. 
Solar energy is being harvested by humans since ancient times and is being used in a 
range of applications. In olden days passive solar technologies were more commonly 
adopted (White, 1943) for applications such as passive cooling or heating of houses, 
lighting, ventilation etc. These passive techniques are still adopted in modern 
architecture.  
Solar thermal energy (STE) has also been a topic of interest for the researchers 
during last century. Solar thermal energy technology involves harvesting solar energy and 
storing or directly utilising it in the form of thermal energy. Solar thermal collectors are 
classified into three categories by the Energy Information Administration (EIA) as low 
temperature, medium temperature and high temperature collectors (Outlook, 2010). Low 
temperature collectors are used to collect and store the thermal energy for heating, 
cooling and ventilation of space. Solar chimney and solar ponds are couple of the 
examples of such system (Outlook, 2010). Medium temperature collectors include 
inclined flat plate, evacuated flat plate collectors, solar stills etc. Thermal energy 
collected from these types of collectors is generally used for domestic applications and 
for small scale industrial applications such as drying processes.  
 Parabolic trough, parabolic dish, power towers, Fresnel lens are the few examples 
of solar concentrating devices used in high temperature solar thermal systems. 
Conventionally such systems are only used with the steam turbines in case of temperature 
ranging from 500°C-600°C and for higher range used with gas turbines. Although these 
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conventional techniques have high efficiency, the initial investment and maintenance of 
the conventional Rankine cycle steam turbine is very high. The solar thermal energy 
collection and utilisation technology is still highly underutilised. Solar concentrators 
systems are being used with photovoltaic panels, but faces difficulty in maintaining the 
low panel temperature for maintaining good working efficiency of the panel.  
 There have been few instances where researchers have studied the possibility of 
using the solar thermal energy (STE) for thermoelectric power generation. Singh (Singh 
et al., 2011) has presented a power generation system from solar pond using 
thermoelectric generators in his research. Recent study by He (He et al., 2012) presents 
incorporation of evacuated tube solar collectors  thermoelectric generators for producing 
electricity. Most of the work that has been done on incorporating solar thermal energy 
(STE) with thermoelectric generators is based on using low temperature and medium 
temperature solar thermal system. With an extensive research on new thermoelectric 
generator materials for improving its efficiency there is a need for improved systems 
working at higher heat flux. Few researchers like Omer and Li (Omer and Infield, 2000, 
Li et al., 2010) have proposed a design for using concentrated solar thermal systems 
along with thermoelectric generators for producing electricity. The concentrated solar 
thermal energy system looks encouraging, however it has few limitations when it is 
incorporated with thermoelectric generator for electricity production (Schaefer, 1990).  
2.4 Concentrated Solar Power generation 
Photovoltaic cells are the easiest way of power generation using solar energy as 
they can convert the electromagnetic radiations to electricity without any moving parts. 
Development of silicon based photovoltaic cells opened the avenues for the renewable 
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energy that has been a hot topic of discussion among the researchers during the 19
th
 
century. Photovoltaic technology was a revolutionary change in the power generation 
technology and has been considered as one of the most promising alternative for fossil 
fuels for electricity generation. However the major hurdle of getting the photovoltaic 
panels into mainstream power generation industry is the cost of manufacturing the 
photovoltaic cells.  
Thermoelectric power generation technology was also taking shape during the 
same period as photovoltaic technology in the energy industry. In early development 
stage, thermoelectric power generation technology could not gather as much attention 
as that of photovoltaic technology due to its poor efficiency. However in the recent 
times the boost in the research of thermoelectric materials has taken it to a stage where 
it is of equal interest for researchers as photovoltaic technology. A thermoelectric 
generator has shown a better performance while operating under high heat flux. One of 
the most easily accessible sources of high heat flux can be using solar concentrators. 
While concentrated solar energy proves to be advantageous for the photovoltaic 
cells as well as thermoelectric modules, it also offers few hurdles when used for power 
generation with these technologies. With high heat flux at the target, the surface 
temperature of the photovoltaic cell raises that affects the performance of the 
photovoltaic cell due to the negative temperature coefficient of photovoltaic material. 
Similarly in case of thermoelectric module hot side of the module is placed at the focus 
of the solar concentrator target, while the cold side need to be maintained at lower 
temperature to increase the efficiency of the system. In both the cases the cooling 
systems play important role if the devices have to work under the high heat flux 
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condition. Later section in this chapter summarises the literature on such systems that 
uses high heat flux energy source and various cooling mechanism to maintain the 
working temperatures within the desirable limits.  
2.4.1 Types of Solar Concentrators 
Solar concentrator uses mirrors or lenses that collect the solar radiations over the 
large aperture area and focus on to a smaller area. High energy flux can be achieved 
using the solar concentrators for photovoltaic panels to convert solar energy directly to 
electrical energy or as high temperature and high heat flux thermal energy source to run 
various heat engines to convert the thermal energy to electrical energy.  
Concentrated sun light has been claimed to be used since the time of Archimedes 
when he invade the Roman fleet with the help of a ―burning glass‖ in 212 BC. Greek 
scientist Dr. Ioannis Sakkas performed an experiment to validate the authenticity of 
Archimedes claims by directing the sunlight from 60 mirrors towards a tar covered 
plywood silhouette that caught fire in couple of minutes. A French inventor Augustin 
Mouchot was the first person to demonstrate the use of concentrated solar energy through 
parabolic trough in 1866 to drive the steam heat engine and produce mechanical power. 
In 1913 a first parabolic trough solar thermal energy station was built in Egypt for 
irrigation purpose. Concentrated solar technology is used to focus the solar radiations 
from the larger aperture area to the smaller target area and producing electricity using 
direct conversion of solar radiation or through concentrated solar thermal systems. Solar 
concentrators are classified in four types as follows; parabolic trough, dish concentrators, 
fresnel lens and solar power tower.    
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2.4.1.1 Parabolic trough 
Parabolic trough is a solar collector with a parabolic profile reflector in one 
direction and straight in another direction. Parabolic trough focuses the solar radiations in 
form of a concentrated line along the length of the trough. Parabolic mirror is oriented 
with sun such that it reflects all the incident solar radiations to the focal line of the 
concentrator. A high thermal conducting metal pipe with high absorption coefficient is 
mounted on the focal line of the parabolic trough which is carrying the working fluid 
used to collect the thermal energy from the concentrated solar radiations. Parabolic 
trough is normally aligned in a north-south axis and requires tracking along the east-west 
axis.  
 
Figure 3 Parabolic trough Mirror-solar concentrator and copper absorber tube at the 
focal line 
Figure 3Figure 3 shows the schematic of parabolic trough solar concentrator with 
copper tube collector at the line focus that contains the working fluid. Solar radiations are 
reflected by the parabolic shape of the collector to the focal line where the high density 
heat flux is collected by light absorbing surface on the copper tube. 
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2.4.1.2 Dish concentrators 
Dish concentrator is very similar to parabolic trough solar concentrator in which 
the incident solar radiations are reflected using the parabolic dish towards the focal target. 
The main difference between the parabolic trough and dish concentrator is that parabolic 
trough has a line focus while dish concentrator has point focus at the target.  
 
Figure 4 Point focus parabolic dish concentrator  
 
2.4.1.3 Fresnel lens reflector 
Fresnel lens is a compact form of a lens designed by the French physicist 
Augustin-Jean Fresnel. It was originally designed to be used in light house where the lens 
required having the larger aperture area with short focal lengths.  
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Figure 5 Spherical lens cross section of Fresnel lens  
Fresnel lens can be designed to be much thinner than the conventional spherical 
lens. It can be as thin as a 2-3 mm sheet with a large aperture area and short focal length. 
Such thin Fresnel lens is used in overhead projectors for magnifying the slides and 
project on the large screen. Fresnel lens is also widely used in the traffic lights and 
automobile head lamps. Since Fresnel lens can be made from plastic, a very large size 
lens can be manufactured with high precision machining which can be used for 
application of concentrated solar power generation. 
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Figure 6 Schematic of thin plastic Fresnel lens setup for solar concentration with 2 axis 
solar tracking system 
The schematic in Figure 6 shows the 2 axis solar tracking system for thin plastic 
Fresnel lens attached on the frame and target plate placed at the distance of focus. A very 
high heat flux can be obtained at the target area using such type of Fresnel lens. 
2.4.1.4 Solar power tower 
Solar power tower are also known as solar furnace or central tower that receives 
the sunlight from the multiple reflecting mirrors placed on the ground around the central 
tower that are tracking the sun continuously. Central tower with the focal area receives 
the concentrated solar energy which is then used for heating the working fluid to be 
further used to drive the heat engine.  
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Figure 7 Schematic of a solar power tower with thermal storage and power generation 
plant connected to grid 
Figure 7 shows the schematic of solar power with heliostats reflecting the solar 
radiations to the central tower which stores the energy in from of thermal energy and is 
further used to drive the heat engines for generating electricity.  In earlier days the solar 
tower designs directly use water at the focus to generate high temperature and high 
pressure steam to drive the turbine for generating electricity. Later designs have 
demonstrated the use of molten salts in the central tower to store the thermal energy in 
form of latent heat and later use it for base load electricity generation.  
2.5 Active cooling heat sinks with high heat flux for 
thermoelectric power generation 
Thermoelectric generators work efficiently when subjected to the high heat flux 
and high hot side temperature. At the same time it also requires to maintain the 
temperature difference across the hot and cold sides to generate considerable open circuit 
voltage. Various ways of achieving concentrated solar energy are discussed in the earlier 
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section while this section focuses on the literature of different thermoelectric power 
generation systems studied earlier. It also discusses the active cooling methods 
implemented by the researchers for maintaining the temperature difference in the 
thermoelectric power generation systems.   
2.5.1 Concentrated solar thermoelectric generator with active water cooling 
Li (Li et al., 2010) has presented the discrete numerical model and experimental 
results for the proposed concentrated solar thermoelectric generator system including 
the details about the concentration ratio and the cooling methods for such system. The 
proposed prototype built by Li includes a twin Fresnel lens with reflector mirrors that 
direct the concentrated solar radiation on to the heat collector. Heat collector has a 
selective absorber coating and thermoelectric generators placed on each of its side. An 
active cooling heat sink system that uses cold plate with liquid working fluid is 
connected to the external heat exchanger with water tank. 
 
Figure 8 Lab setup and schematic of Fresnel lens solar concentrator with thermoelectric 
power generator with active cooling system (Li et al., 2010) 
Li has presented the numerical analysis to predict the influence of cooling 
methods on the concentration ratios and performance of 3 different types of 
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thermoelectric materials (Bi2Te3, Skutterudites, LAST). In his numerical analysis Li 
has analysed effect of 3 different cooling methods (Air natural convection cooling, 
Water natural convection cooling, and water forced convection cooling) and estimated 
the hot side temperature for different cooling methods used with 3 different 
thermoelectric materials.  
However Li has not mentioned the solar radiation flux used to define the 
concentration ratio in his research.  
2.5.2 Hot water solar concentrated thermoelectric power generation system 
 Yazawa (Yazawa and Shakouri, 2010) has proposed a cogeneration system 
consisting of a concentrated solar thermal system for thermoelectric power generation 
that uses an active cooling heat sink and utilises the waste thermal energy to heat the 
water for domestic use. He has presented the theoretical model of the system and 
demonstrated the feasibility of such design. He has emphasised on optimizing the 
active cooling system used in the proposed model. 
sy  
Figure 9 schematic of solar concentrator with thermoelectric device at the target and 
active water cooling system (Yazawa and Shakouri, 2010) 
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Yazawa has also discussed the effect of solar concentration on the heat sink 
temperature and total energy conversion efficiency of the system. According to the 
numerical analysis of Yazawa, optimum concentration ratio for peak energy efficiency 
is 200 suns. Yazawa has also presented the cost analysis of proposed system and 
compared it with the conventional concentrated photovoltaic systems. (Yazawa and 
Shakouri, 2010)  
2.5.3 Power generation using the concentrated solar thermal system 
incorporating thermoelectric generators 
This is another previous research work that presents the cogeneration system 
(hybrid) with concentrated solar collector and thermoelectric for power generation and 
thermosyphon for passive heat transfer that can be utilised for various secondary 
thermal applications (Miljkovic and Wang, 2011). Miljkovic has suggested some 
possible uses of thermal energy that is dissipated from the cold side of TEG’s such as 
chemical drying or aluminum smelting. Parabolic trough mirror is used for solar 
concentration with thermoelectric generator at the target with selective surface coating 
for efficient absorption of solar radiations. Thermoelectric generators are mounted 
around the thermosyphon that carries the remaining thermal energy to the condenser. 
Bismuth telluride, lead telluride and silicon germanium thermoelectrics are considered 
in this research for power generation. This hybrid solar thermoelectric system is 
investigated for temperature ranging from 300-1200K and solar concentration of 1-100 
suns (Miljkovic and Wang, 2011).  
In this research Miljkovic illustrates the advantage of using thermoelectric 
generator directly with the concentrated solar thermal source instead of concentrated or 
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non-concentrated hybrid solar photovoltaic thermoelectric systems as suggested by few 
researchers (Miljkovic and Wang, 2011, Chow, 2010, Tripanagnostopoulos, 2012, 
Dubey and Tiwari, 2008, Gibart, 1981, Rosell et al., 2005). Miljkovic states that while 
using the hybrid photovoltaic thermoelectric systems the thermoelectric generators are 
limited to be operated on low temperature due to significant degradation of electrical 
efficiency in photovoltaic at elevated temperatures.  
  
Figure 10 Schematic of concentrated solar thermoelectric system with thermoelectric 
generator attached around thermosyphon for carrying the heat to condenser to be used 
for some secondary application (Miljkovic and Wang, 2011) 
A parabolic trough concentrator is used in this design to achieve required solar 
concentration. An evacuated tube containing thermosyphon with thermoelectric 
generator around the outer surface is mounted at the target of the parabolic trough 
concentrator. Evacuated tube helps to prevent thermal losses at the target due to 
convection and helps in increasing the hot side temperature of the thermoelectric 
generators. A two phase thermosyphon is inclined along length to facilitate the angle 
for gravity return of the working fluid from condenser back to the evaporator 
(Miljkovic and Wang, 2011). 
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Figure 11 Schematic cross section of the thermoelectric generator attached to the two 
phase thermosyphon showing the heat flow path through the system (Miljkovic and 
Wang, 2011) 
A theoretical model presented by Miljkovic considers the thermal resistance 
circuit of each component in the system. Three combinations of thermoelectric material 
and thermosyphon working fluid are studied and presented by Miljkovic’s. Copper-
water thermosyphon is used with bismuth telluride thermoelectric material for lower 
temperature range of 300-550K, Stainless steel-mercury thermosyphon with Lead 
telluride for medium temperature range of 525-850K and nickel-potassium 
thermosyphon with silicon germanium thermoelectric for higher temperature range of 
850-1200K (Miljkovic and Wang, 2011). Miljkovic claims that the overall system 
efficiency increases with increase in the solar concentration however it is largely 
affected by the condenser temperature, because it determines the temperature difference 
between the hot and cold side of thermoelectric generator. Optimum working 
efficiencies with respective temperatures are established by Miljkovic as (a) 34.4% at 
condenser temperature of 500K and solar concentration of 50 suns for bismuth telluride 
thermoelectric generator and water copper thermosyphon and (b) 48.1% at 776K and 
solar concentration of 100 suns for lead telluride thermoelectric generator and Mercury 
stainless steel thermosyphon. In conclusion Miljkovic states that the proposed system 
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has an advantage over the hybrid photovoltaic thermoelectric system due to its ability 
to operate at higher temperature using various combinations of thermoelectric materials 
and thermosyphon material and working fluids. Such systems can be very efficient to 
be used for medium scale power generation in a small scale industry combined with its 
thermal application ability.  
2.5.4 Two stage solar concentrator for thermoelectric power generation 
Omer and Infield (Omer and Infield, 2000) have designed the two stage solar 
concentration system with primary stage comprising of parabolic trough concentrator 
(PTC) for low concentration factors which requires very high accuracy of solar tracking 
used in conjunction with the compound parabolic concentrator (CPC) which can allow 
for small amount of an tracking errors without significant reduction in the performance 
of the concentration system.  
 
Figure 12 Two stage solar concentrator with parabolic trough concentrator (PTC) as 
first stage and compound parabolic concentrator (CPC) as second stage (Omer and 
Infield, 2000) 
Primary objective of this research was to study the solar tracking misalignments 
and improve the performance of the solar concentration system by using the two stage 
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solar concentration in conjunction with thermoelectric generators for power generation. 
It was proposed to use the commercially available thermoelectric generators at the 
focus of the dual concentrator.  
 
Figure 13 schematic of the thermoelectric device at the target of the two stage solar 
concentration system with passive cooling method (Omer and Infield, 2000) 
 
Omer(Omer and Infield, 2000) has identified the maximum losses at the target 
due to convection from the high temperature surface and has suggested to have a glass 
enclosed receiver in order to reduce these losses (Omer and Infield, 2000). In the 
experimental setup described by Omer (Omer and Infield, 2000), cold plate or cooling 
tube is attached to the cold end of the Peltier device using acrylic adhesive heat sink 
bonder.  
Omer(Omer and Infield, 2000) reported that the proposed two-stage solar 
concentration system was able to tolerate the misalignment in the tilt angle of the solar 
tacking system by 4° without significant degradation in the thermal efficiency of the 
system. Thermoelectric element was not intended to perform as the power generator 
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since the main intention of this study was to investigate the effect of misalignment in 
solar tracking on the concentration level using the two stage solar concentrator system 
Apart from the above mentioned literature few more researchers have reported 
the systems that incorporate solar concentration for power generation using 
thermoelectric devices. Suter (Suter et al., 2010) has developed the 2D heat transfer 
model of concentrated solar thermal with thermoelectric generator and optimised the 
length of the p and n junction legs for maximum power generation. McEnaney 
(McEnaney et al., 2011) has presented an analytical model for two different 
thermoelectric materials with solar concentrator system and selective surface at the 
absorber. McEnaney (McEnaney et al., 2011) suggests from his research that the 
efficiency of cascaded thermoelectric devices with bismuth telluride and skutterudites 
outperforms the segmented solar thermoelectric generators. 
2.6 Passive cooling heat sink with medium heat flux 
thermoelectric power generation 
This section illustrates the various passive cooling techniques applied by the 
researchers for thermoelectric power generation.  
2.6.1 Power generation using high performance flat panel solar 
thermoelectric generators with high thermal concentration  
Work described below (Kraemer et al., 2011) is the most recent work done on 
improving the performance of the thermoelectric generation systems using solar 
thermal energy and thermal concentration. Kraemer has suggested an innovative 
technique to improve the efficiency of the thermoelectric devices using conventional 
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mass produced thermoelectric materials under thermal concentration to improve the 
performance of the devices. Kraemer has illustrated in his research that traditionally 
photovoltaic systems were widely used as flat panel whereas solar thermal systems 
generally use the optical concentrators to achieve high temperatures source for power 
generation (Kraemer et al., 2011). Use of concentrated solar systems for producing 
electricity has been widely studied for many years. In 1964 Telkles suggested an optical 
concentration system to achieve a high temperature difference across a ZnSb alloy p-
type material and Bi alloy n-type material (Telkes, 1954). However due to the 
overheads involved in the tracking system for concentrated solar devices, Kraemer 
comments that such systems are unattractive and even more so due to their lower 
efficiencies (Kraemer et al., 2011).  Instead of the optical solar concentration systems 
Kraemer recommends a different approach which he refers to as thermal concentration.  
 
Figure 14 Schematic of a solar thermoelectric generator cell enclosed in the Glass 
vacuum enclosure with a flat panel covered with selective absorber as a thermal 
concentrator, heat spreader and radiation shield (Kraemer et al., 2011) 
Kraemer proposes a system that is fitted in a glass vacuum enclosure. The 
absorber plate with the selective absorber coating is placed on the top of the 
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thermoelectric cell, while the selective absorber is facing the glass enclosure such that it 
is exposed to direct and diffused solar radiations. The thermoelectric elements used in 
this experiment are based on the nanostructured Bi2Te3 alloys (Yan et al., 2010, Ma et 
al., 2008). The dimensions of the thermoelectric cells used for this research 1.35mm x 
1.35mm x 1.65mm. Each of these elements is soldered to copper connector plates that 
are located at the bottom of the whole. These copper plates serves as the electrodes, 
heat spreader and radiation shield.  The heat spreader function assists in cooling the 
other side of the thermoelectric cell to generate the temperature difference.  
 
Figure 15 (a) Schematic showing the heat flow through the selective absorber plate to 
thermoelectric cell and then to the cooling heat spreader plate (Kraemer et al., 2011) (b) 
schematic of the calculation for thermal concentration (Kraemer et al., 2011) (c) picture 
of the actual selective absorber surface used for testing by Kreamer (Kraemer et al., 
2011) 
In Figure 15(a) & (b) Kreamer shows the heat flow path of the solar energy 
incident on the selective absorber surface and the actual picture of the selective 
absorber surface used for the experiments. Further in Figure 15(b) the definition of 
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thermal concentrations is illustrated. Kreamer states that using the systems suggested 
by Telkes (Telkes, 1954) although higher hot side temperatures could be achieved a 
maximum temperature difference of only 70°C and the highest efficiency of only 
0.63% could be achieved. Whereas Kreamer found that, depending upon the 
thermoelectric material, the optimal hot side temperature of 160-250°C can be achieved 
using the solar absorber surface without any solar concentration. Kreamer suggests that 
the optical thermal efficiency working with the solar absorber surface is in the range of 
70-80%. Kreamer claims that this high optical thermal efficiency will eventually lead to 
increasing the thermoelectric device efficiency to 5-6%, and can be further enhanced by 
having low solar concentration which does not require any solar tracking system.  
Kreamer performed experiments on the setup illustrated in Figure 15 and 
recorded some readings to be compared with the simulation results. Kreamer has 
reported peak efficiencies of 4.6% and 5.2% at solar radiation intensity of 1 kW/m
2
 and 
1.5 kW/m
2 
respectively for the thermoelectric cell used in this experiment. A 
comparative study is presented as well where Kreamer illustrates the solar 
thermoelectric efficiency for range of thermal concentration. His results suggest that the 
efficiency of the thermoelectric cell goes on increasing as increase in the thermal 
concentration, however it is known that after a certain value of thermal concentration it 
will start to fall. This is due to the rise in temperature of the selective absorber surface 
which results in higher radiation losses. Kraemer has stated that there is a definite 
optimum thermal concentration for each thermoelectric cell material and different 
selective absorber surfaces.  
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Use of the vacuum enclosure to eliminate the convection losses from the 
absorber surface increases the efficiency of the thermoelectric cell. In one of the test 
performed by Kreamer he concludes that having a vacuum enclosure proves to be 
advantageous in case of interruptions in the solar irradiation due to the sun being 
partially blocked by the clouds. Unlike photovoltaic systems, the delayed drop in 
temperature is due to the elimination of convection heat loss from the system that 
results in less variable power output. The experimental data suggest that the thermal 
response time of 3 minutes can be achieved until the normalized open circuit voltage 
reduces by 50%.  
2.6.2 Power generation from solar ponds using thermoelectric modules and 
thermosyphon 
An application of a stratified solar thermal storage system to generate electricity 
using commercially available thermoelectric cell is proposed in  research by Singh 
(Singh et al., 2011). In this research solar thermal energy stored in the base of salinity 
gradient solar ponds is proposed to be used for small to medium scale electricity 
generation using thermoelectric devices. These salinity gradient solar ponds can 
normally reach up to 80°C in their lower convective zone (LCZ). A temperature 
difference between the lower convective zone (LCZ) and the upper convective zone 
(UCZ) in the range of 40-50°C is proposed to be applied across the hot and cold side of 
the thermoelectric cell for power generation using a thermosyphon. A laboratory scale 
model has been tested to validate the theory. Singh suggests that a solar thermal storage 
system coupled with the thermoelectric devices can be of great advantage due to its 
ability to supply base load power. 
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Salinity gradient solar ponds have been studied widely for many years and the 
researchers have proposed and developed various systems to utilise the thermal energy 
stored in the salinity gradient solar pond for power generation (Kamal, 1991, Tabor and 
Doron, 1990). A 5kW power plant using an organic Rankine engine was the largest 
power generation project using the solar pond near the Dead Sea in Israel (Ha, 1984). 
Singh stated that large solar ponds have been successfully used for power generation 
although the smaller to medium size solar ponds have not been explored for their 
potential for producing electricity. He also claims that a solar pond of a few hundred 
square meters can store enough thermal energy to generate electricity sufficient for a 
single sustainable and energy-efficient house (approx. 2-5 kW-h/day electricity 
consumption) (Singh et al., 2011). Singh also stresses the advantage of using 
thermoelectric devices with solar ponds due to their reliable and silent operation 
compared to conventional heat engines. The importance of the high costs of the 
conventional heat engines even for a small electricity rating is stressed by him and 
compared with the cost of the commercially available thermoelectric cells.  
Singh’s proposed design uses a passive cooling system for maintaining the cold 
side of the thermoelectric cells at lower temperature. The passive cooling system 
involves the use of thermosyphons and the relatively colder water in the UCZ of the 
solar pond. Thermosyphons have been widely researched for many decades and are 
very efficient in transferring heat in their present technological state and manufacture of 
different sizes of thermosyphon is possible easily (Dunn and Reay, 1978, Esen and 
Esen, 2005, Faghri, 1995).  
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Figure 16 (a) Schematic of the proposed system for power generation using solar pond 
and thermosyphon with thermoelectric generators (Singh et al., 2011) (b) Salinity 
gradient solar pond located at RMIT University in Australia (Singh et al., 2011) 
The power generation system proposed by Singh is shown in Figure 16 (a). This 
system uses the heat from LCZ of the solar pond for the hot side of TEG and relatively 
cooler water from the UCZ of solar pond for the cold side of the TEG to obtain the 
temperature difference. In this proposed design heat is transferred from the bottom of 
the solar pond to the thermoelectric cell situated at the top of the pond using the 
thermosyphon. The thermosyphon is an evacuated copper tube charged with distilled 
water and held upright such that the gravity can be used for transport of the condensed 
liquid water back to evaporator at the bottom. Singh (Singh et al., 2011) has presented 
the temperature and salinity gradient data for a small scale experimental solar pond 
situated in the RMIT University, Australia. This pond is 8m in diameter and 2m deep 
and is charged with sodium chloride saline water with varying salinity from top till the 
bottom of the pond. A maximum temperature of 60°C at the bottom of the pond with 
the density of 1200 kg/m
3
 is reported by Singh (Singh et al., 2011).  
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Figure 17 (a) Schematic of the test setup with hot water bath representing the LCZ, 
thermosyphon, thermoelectric cells and cooling water at the representing the UCZ (Singh 
et al., 2011) (b) Actual experimental test setup (Singh et al., 2011) 
Figure 17 (a) represents the schematic of the laboratory test setup for simulating 
the outdoor conditions similar to the solar pond. This setup consists of a hot water bath 
heated using resistive electric heating elements that simulate the LCZ of the solar pond 
while the UCZ is simulated by circulating the cold water in a chamber situated at the 
top of the system. It is proposed by Singh to attach the thermoelectric generators at the 
top the octagonal copper tube thermosyphon (Singh et al., 2011). Two rows of 
thermoelectric cells with their hot side facing inwards are attached to the octagonal 
copper tube while the cold side is directly exposed to the cold water chamber. In all 16 
commercially available thermoelectric generators were used in this experiment for 
demonstration of the proposed system.  Figure 17 (b) illustrates the actual test setup 
while in its operation mode. 
 41 
According to the results in Singh’s literature, experiments were performed for 
LCZ temperatures ranging from 50-90°C. Maximum power output of 3.2 W from 16 
thermoelectric cells was achieved when connected in series at a temperature difference 
of 27°C. The open circuit voltage of 26 V and short circuit current of 0.4 A were 
observed during these experiments. Finally Singh claims that the proposed system with 
fully passive devices such as solar pond, thermosyphon and thermoelectric generators is 
capable of producing power for the remote area power applications. He also suggests 
that it is possible to extract the heat and convert it to electricity from small to medium 
size solar ponds using off the shelf thermosyphon and thermoelectric generators.   
2.6.3 Power generation using evacuated tube heat pipe solar collectors and 
thermoelectric modules 
The work presented by He (He et al., 2012, He et al., 2011) proposes a power 
generation and water heating system incorporating thermoelectric generators with 
evacuated tube solar collectors as the heat source and active cooling using a cold water 
jacket. An integrated evacuated tube heat pipe and thermoelectric generator is proposed 
for water heating and power generation (He et al., 2012, He et al., 2011). He(He et al., 
2011) illustrates the high potential of the evacuated solar water collectors and mentions 
the advancement in its technology. He (He et al., 2011) also states that the large scale 
installations of evacuated solar water collectors have been done across the world with 
an average annual growth rate of 30% for its market (Wang, 2010). One of the global 
surveys suggest that almost 106 million m2 of evacuated tube solar water collectors 
have been installed worldwide with the lifetime expectancy of greater than 15 years 
(Weiss et al., 2009).  
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In this research initially the author refers to the past literature to provide some 
comparison between the flat plate solar collectors and evacuated tube solar collectors 
giving the average temperatures and efficiencies of both the systems and explaining the 
superiority of evacuated tubes over the flat plate (Zambolin and Del Col, 2010). Due to 
all the positive indications about the temperature and efficiency of evacuated tube water 
collector, He (He et al., 2011) suggests incorporation of this solar thermal energy 
collector system with thermoelectric generators. Although He (He et al., 2012) 
acknowledges the current progress in the technology of thermoelectric devices and low 
efficiencies of existing commercially available thermoelectric cells, he believes that the 
compactness and reliability of thermoelectric generators outweighs this drawback (He 
et al., 2012). He also mentions the increasing number of manufacturers making 
thermoelectric generator modules which has dropped its cost in the market 
significantly.  
Thermoelectric generators have a typical thermal conductivity of 1.5 W/m-K 
with a thickness of 4mm. So for temperature difference of 60-100 K heat flux 
exceeding 20kW/m
2
 will be required to generate electricity whilst subject to the 
conductive losses. He (He et al., 2012) also draws attention towards the fact that the 
normal average solar radiation on the horizontal surface being approximately 1kW/m
2
 
which means it is quite low compared to what is required for better working of 
thermoelectric without any solar concentration systems. He (He et al., 2012) also 
acknowledges the proposals by other researchers of using the concentrated solar 
systems for generating electricity from thermoelectric generators but debates the 
justification of the costs incurred in installation and maintenance of solar tracking 
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devices (Omer and Infield, 2000). To combat this problem he proposes a system with 
direct incorporation of thermoelectric generator with heat pipe type evacuated tube 
water collector which helps in converting the low heat flux to higher heat flux by 
having the larger evaporator area and smaller condenser area (He et al., 2012).  
 
Figure 18 Schematic of integrated heat pipe type evacuated tube solar collector with 
direct incorporation of thermoelectric generator (He et al., 2012, He et al., 2011) 
He (He et al., 2012) has presented a detailed mathematical model for prediction 
of the temperature of water in the evacuated tube water collector, its thermal efficiency 
and experimental thermal and electrical performance of thermoelectric generator have 
also been obtained. The theoretical model and its predictions were validated by the 
results of the experimental setup.  
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Figure 19 (a) Actual photograph of the heat pipe type evacuated solar water collector 
with thermoelectric generators (b) Schematic of the proposed experimental system (He et 
al., 2012) 
For the experimental testing of the proposed system a commercially available 
thermoelectric generator of 40mm x 40mm x 4mm was used. According to the results 
presented in the paper, the thermoelectric generator system reaches its maximum power 
value of 0.98W per thermoelectric generator dell at a solar irradiation of 850 W/m
2
 and 
cooling water temperature of 30°C. Another test performed by the author with solar 
irradiation of 780W/m
2
 is reported in the literature where the temperature of cooling 
water reaches 40°C and the power output is 0.78W per thermoelectric generator cell.   
He (He et al., 2011) has also undertaken a parametric analysis of the thermal 
and electrical efficiencies of the Evacuated tube solar heat pipe system incorporated 
with the thermoelectric generators. He (He et al., 2012) has described the effect of 
water temperature, solar irradiation, number of thermoelectric elements and thermal 
conductivity of insulation on the thermal and electrical performance of the system. It is 
clear from the analytical results that the thermal and electrical efficiency of the system 
decreases with increase in cooling water temperature. He (He et al., 2012) has 
presented the trend in decrease in thermal and electrical efficiency for solar irradiation 
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of 1000W/m
2
 and cooling water temperature increasing from 25°C till 55°C (He et al., 
2011, He et al., 2012). He claims the reduction of 20-25% of conversion of thermal 
energy to electrical energy due to 30°C increase in cooling water.  Furthermore he has 
demonstrated simulation results for the effect of change in solar irradiation on the 
thermal and electrical efficiencies at cooling water temperature of 45°C (He et al., 
2012, He et al., 2011). According to the simulation results the electrical efficiency 
increases with increase in solar irradiation due to continuous increase in the surface 
temperature of the heat pipe. The thermal efficiency responds different to electrical 
efficiency when solar radiation changes. The temperature of the heat pipe increases 
with increase in solar radiation which tends to increase the conversion of heat to 
electricity; however this is negated to some extent by the increase in the radiation heat 
losses. It is observed from the simulation that maximum thermal efficiency of 56.56% 
can be achieved at 500W/m
2
 (He et al., 2011, He et al., 2012). The number of 
thermoelectric elements affects the electrical efficiency of the system. He (He et al., 
2012) briefly mentions that better thermal insulation leads to improved electrical 
efficiency. Finally He (He et al., 2012) states that incorporation of combined 
thermoelectric module with glass evacuated heat pipe solar collectors is a feasible 
option for household supply of hot water as well as electricity generation. He (He et al., 
2012) also compares the electrical efficiency of this system with the organic Rankine 
cycle system running on heat from evacuated heat pipe solar collectors. Although the 
electrical efficiency of the Rankine cycle engine is higher (3-4% (Wang et al., 2011)) as 
compared to solar heat pipe thermoelectric system with electrical efficiency (1-2%), 
author recommends to have solar heat pipe thermoelectric system due to its simplicity 
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of operation, reliability of working and the investment cost for installation and regular 
maintenance  
2.7 Summary and Research gap 
This chapter presents the literature survey of existing thermoelectric power 
generation technologies with solar concentration and various cooling methods adopted 
for thermoelectric power generation. Most of the concentrated solar thermoelectric 
generation systems studied in the literature proposes to use the active cooling heat sink 
to dissipate the waste heat from the cold side of thermoelectric generators due to the 
high heat flux over the thermoelectric generator. Few researchers have proposed a 
passive cooling system for thermoelectric power generation using various low heat flux 
heat sources. Few researchers have also attempted to estimate the best concentration 
ratio for thermoelectric power generation under active cooling (Li et al., 2010, Yazawa 
and Shakouri, 2010). Table 1 summarises the list of references for thermoelectric power 
generation system including maximum heat flux, TEG hot side temperature and the 
type of cooling system incorporated in the proposed designs.  
Table 1 List of  previous work on high heat flux TEG systems(Date et al., 2014) 
References  Heat flux ² 
Hot side 
Temperature  
Type of cooling system 
Yazawa, K. and A. Shakouri. 
(Yazawa and Shakouri, 2010) 
109kW/m² 300°C Active  water cooling 
Li, P., L. Cai, P. Zhai, X. 
Tang, Q. Zhang, and M. 
Niino,(Li et al., 2010) 
65kW/m 302°C Active water cooling 
Suter, C., P. Tomeš, A. 
Weidenkaff, and A. 
Steinfeld,(Suter et al., 2010) 
100kW/m² 625°C Bare plate active cooling 
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Miljkovic, N. and E.N. 
Wang, (Miljkovic and Wang, 
2011) 
100kW/m² 500°C 
Thermosyphon active 
cooling 
McEnaney, K., D. Kraemer, 
Z. Ren, and G. 
Chen,(McEnaney et al., 
2011)  
100kW/m² 600°C Active Water cooling 
Maneewan, S., J. Khedari, B. 
Zeghmati, J. Hirunlabh, and 
J. Eakburanawat, (Maneewan 
et al., 2004) 
1.2kW/m² 75°C Active air cooling 
The commercially available thermoelectric generator modules have limit on its 
maximum hot side working temperature which depends on the thermoelectric material 
and the soldering method used to join the p junction and n junction with the metal 
connectors.  It is important to restrict the applied heat flux to a certain limit such that 
the hot side temperature does not exceed the allowable value. Limiting heat flux for a 
thermoelectric generator will also change according to the cooling method being 
implemented in the system. The existing literature only focuses on active cooling 
systems for TEG power under high heat flux operation. Apart from that the existing 
commercially available thermoelectric generators have very low conversion efficiency, 
it is better to implement passive cooling method which will eliminate the auxiliary 
power losses that will exist while using an active cooling method.  
 The following gap in the literature has been identified and being addressed 
through this research. Two commercially available thermoelectric generators are 
selected for investigation in this research and the detailed technical specification of 
these modules is described in following chapter. Various conventional passive cooling 
methods have been investigated to be used with high heat flux source and 
thermoelectric generation system to determine limiting heat flux for each cooling 
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mechanism. Theoretical analysis is presented in this research and is validated by 
experimental results for both the thermoelectric generators. Furthermore a non-
conventional passive heat sink is proposed to enhance the cooling and stretch the heat 
flux limits beyond the conventional passive heat sinks. Apart from enhancing the 
cooling, this non-conventional passive heat sink offers a secondary functionality of 
water heating for domestic or industrial purpose.  
2.8 Heat sink configuration under testing 
Heat sinks used in this research are classified in two categories as conventional 
passive heat sinks and non-conventional passive heat sink  
2.8.1 Conventional passive heat sink 
Initial section of the research investigates the thermal characteristics of 
conventional passive heat sinks with two commercial TEG’s to define the limiting heat 
flux.  
1. Bare plate heat sink with air cooling 
2. Finned heat sink air cooling 
3. Heat pipe heat sink with air cooling 
2.8.2 Non-conventional heat sink 
Later section of this thesis proposes the innovative non-conventional passive heat 
sink for cooling of thermoelectric power generators. This system uses heat pipes to carry 
the heat from the thermoelectric generator and utilises the sensible heat capacity of water 
to dissipate this heat.      
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Chapter 3 Theoretical analysis of conventional 
passive heat sink 
3.1 Introduction 
This chapter provides a detailed theoretical analysis of conventional passive 
heat sinks for cooling of two commercial thermoelectric generators. The theoretical 
model presented in this chapter is used to determine the limiting heat flux of two TEG’s 
with various conventional heat sink configurations. Optimization of fin length and fin 
gap is presented for conventional finned heat sink. The maximum theoretical heat flux 
for two TEG’s is obtained and theoretical heat flux limits are established in this 
chapter. Detailed theoretical analysis and energy balance equations are presented that 
can predict the limiting heat flux for all the variations of conventional heat sinks.  
Three conventional heat sink configurations selected in an order of increasing 
the heat transfer capacity are bare plate heat sink, finned heat sink and heat pipe heat 
sink. Bare plate heat sink is a heat spreader plate, attached on the top of the cold side of 
thermoelectric generator to dissipate the heat. Second configuration consists of a finned 
heat sink with some extended fins attached to the bare plate to increase the surface area 
for heat transfer. These extended fins can have different lengths and fin gap. Following 
section of this chapter illustrates the optimization of finned heat sink to find the 
optimum distance between the fins and to demonstrate that fin efficiency is a function 
of fin length and it is not advantageous to have fins beyond certain length. Third 
conventional heat sink configuration is a heat pipe heat sink which consists of highly 
conductive heat pipes to transport the heat away from the base plate. Larger condenser 
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area of heat pipe also allows attaching of more fins in order to increase the heat transfer 
area.  
3.2 Optimization of finned heat sink 
Prerequisite to determine the limiting heat flux for two TEG’s with finned heat 
sink is to estimate the optimum finned heat sink configuration that will be best suited 
for the proposed system. An extensive research has already been done on optimization 
of the heat sinks fin length and fin spacing under natural cooling and forced cooling 
conditions. This section focuses on estimating the optimum fin length and fin gap or in 
other words optimum number of fins that will provide the least thermal resistance for 
the proposed configuration of the concentrated solar thermal system with 
thermoelectric power generation. 
 
Figure 20 Schematic of the finned heat sink illustrating the nomenclature used for 
various dimensions   
 51 
To determine the thermal resistance of the heat sink under consideration, it is 
necessary to know the base temperature of the heat sink. Heat sink base temperature 
can be determined by using the information about the TEG’s hot side limiting 
temperature, the thermal resistance of TEG and the heat flux applied across the TEG.  
    
 
    (                    )
 3.1  
The thermal resistance of the heat sink depends on the convection heat transfer 
coefficient and fin arrangement. Heat sink optimization involves choosing the optimum 
number of fins and fin gap for certain air speed along the length of the fins.   
  
           
      
 3.2  
Fin gap   is illustrated in equation 3.2 where   is the width of the heat sink and 
   is the fin thickness as shown in Figure 20.  The exposed surface area      of the base 
plate is defined in equation 3.3 
      (      )      3.3  
Total surface area     of one fin including both the sides is defined in equation 3.4 
              3.4  
Velocity   of air flowing over the fins can be calculated from equation 3.5 by 
knowing the volume flow rate  ̇. 
  
 ̇
(      )        
 3.5  
Teertstra’s equation (Teertstra et al., 1999) to estimate the Nusselt number for 
determination of convection heat transfer coefficient is being used here and mentioned 
below.  
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3.6  
Equation 3.7 is used to calculate the fin efficiency that affects the performance of the heat 
sink  
 
     
            
      
 
3.7  
 
While  is as defined in equation 3.8 
 
  √
   
         
 
3.8  
Thermal conductivity of the fin material is stated as      . In this case fin 
material is considered to be aluminum with thermal conductivity of 180W/m.K. 
Optimization of the heat sink to be used for cooling of thermoelectric generator under 
concentrated solar thermal heat source is discussed in further section by using the above 
mentioned equations. The maximum surface area available for attaching the heat sink on 
the cold side of thermoelectric generator is equal to the target area of the solar thermal 
concentrator.  
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Figure 21 Effect of number of fins on the thermal resistance of the fin heat sink at various 
air speeds 
It can be observed from Figure 21 that, increasing the number of fins on the heat 
sink will reduce its thermal resistance. This is due the increase in the surface area for heat 
transfer from the heat sink. Figure 21 also illustrates the relationship between the 
variation of heat sink thermal resistance and the change in number of fins at different 
ambient wind velocities. The range of air velocity considered for optimization of the heat 
sink is selected by referring to the local average ambient air speed throughout the year 
(data acquired from the Bureau of Meteorology, Australia (Meteorology, 2013)). It is 
observed that the thermal resistance reduces steeply as the number of fins increases from 
0-4 irrespective of ambient wind velocity. The thermal resistance undergoes less steep 
reduction between 4-8 numbers of fins for all the ambient velocities. Beyond 8 fins the 
thermal resistance for velocities 3-5 m/sec does not change much. This can be attributed 
to the increased pressure drop due to the reduction in the fin gap at high ambient wind 
velocity. Pressure drop increases due to higher numbers of fins being fitted over the same 
surface area and fin gap is decreases. It can be concluded from above observation that 
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increasing the number of fins beyond 8 fins will have very little advantage on reduction 
of thermal resistance of heat sink for ambient wind velocities in the range of 3-5m/sec. 
Thus the optimum number of fins is fixed as 8 to be used for the further optimisation 
analysis in the next section. 
 
 
Figure 22 Effect of fin length on the thermal resistance of the heat sink for 8 numbers of 
fins at various air speeds 
Fin length plays an important role as well in having an optimum design for the 
heat sink. Figure 22 illustrates the effect of increase in the fin length on the thermal 
resistance of the heat sink at various ambient wind velocities. It is observed that the 
thermal resistance of heat sink significantly reduces for 1-3m/sec of ambient wind 
velocity with increase in the fin length; however for ambient wind velocity of 4m/sec and 
5m/sec the drop in thermal resistance is insignificant with increasing in the fin length. For 
higher ambient wind velocities the convection heat transfer coefficient is large and results 
in low thermal resistance even for the smaller fin length and does not reduce significantly 
even with the increase in the fin length. But for the smaller ambient wind velocities, the 
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thermal resistance is large for smaller fin length and significantly reduces as the fin 
length increases. It can be observed from Figure 22 that the effect of fin length on the 
heat sink thermal resistance at low ambient wind velocities has a dominant effect on 
choosing the optimum fin length of the heat sink. The thermal resistance does not reduce 
drastically beyond the fin length of 0.1m for any ambient wind velocity. Hence the fin 
length of the finned heat sink is selected to be varied from 0.06m to 0.1m for the purpose 
of this research.  
3.3 Theoretical analysis of conventional heat sink passive cooling 
for thermoelectric power generation  
This section illustrates the theoretical analysis of proposed system for 
estimating the limiting heat flux of thermoelectric generators that are under test in this 
research. There is a need to determine the limiting heat flux of thermoelectric 
generators since the performance of these devices is poor under small heat flux and 
improves as the input heat flux increases. Thermoelectric generators can be used with 
different heat sources for power generation; however it is preferable to have a heat 
source that can supply high heat flux for better performance of these devices. Solar 
energy is one of the most easily accessible energy sources that can be used for power 
generation using thermoelectric generators. Average value for direct incident solar 
radiation heat flux over the flat surface in Melbourne, Australia is approximately 
900W/m
2
. High heat flux can be achieved using various solar concentration techniques 
that can be used for better performance of thermoelectric power generators. Solar 
concentrators such as parabolic dish, parabolic trough, fresnel lens or reflective mirrors 
have been commonly used for solar concentration.  
 56 
Figure 23 shows the proposed design for this research that uses solar 
concentrator for achieving heat flux at the target area. Thermoelectric generators are 
sandwiched between the target plate on one side and the heat sink on the other side. 
Conventional passive cooling methods are adopted to reduce the auxiliary power 
consumption of the system. This will reduce the net power output and increase the 
overall system efficiency.  
 
Figure 23 Heat flow path with key components of system  
Incoming solar radiations are transmitted from the larger aperture area towards 
the smaller target area to increase the solar concentration. Amount of energy reaching 
the target plate can be determined using the optical efficiency of the solar concentrator. 
Heat flow path is illustrated in Figure 24 with the help of equivalent thermal circuit 
using the thermal resistances and key temperatures.  
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Figure 24 a) Schematic of thermoelectric generator sandwiched between target 
plate and finned heat sink b) Thermal circuit showing the heat flow path through system  
 
Some heat is lost to the surroundings from the target plate due to convection and 
radiation losses. Heat is further transferred to the thermoelectric generator by 
conduction from the target plate. Thermal resistance of the thermoelectric generator 
creates the temperature difference across the hot and cold side of thermoelectric 
generator. Cold side temperature is further reduced by using different types of heat 
sinks.  
Indoor testing facility was set-up to experimentally determine the limiting heat 
flux of type A and B TEGs with conventional heat sinks while maintaining the 
respective hot side temperature within the allowable limit. Solar heat flux was 
simulated in the indoor test setup by embedding the resistive heating elements inside 
100mm long, 100mm wide and 20mm thick aluminum block. Figure 25 shows the 
schematic of the energy flow in the indoor testing rig. 
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Figure 25 Schematic of energy flow in indoor testing rig 
 
The amount of energy received by the heater plate is given as follows   
 ̇            3.9  
Where,   is the voltage supplied to the electric heating elements and   is the 
current flowing through them. In case of an actual solar concentrator the total energy 
reaching the surface of the target plate is also expressed in equation 3.9.   is the direct 
incident solar radiation flux on the inclined surface of aperture that uses the two axes 
solar tracking system and    is the aperture area of the solar concentrator. Figure 26a 
and Figure 26b illustrates the schematic of Fresnel lens solar concentrator and the 
detailed heat distribution in the whole system.  
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Figure 26 a) Schematic of the Fresnel lens solar concentrator with bare plate as heat 
sinks  
b) Detailed description of heat distribution at target plate, thermoelectric generator and 
heat sink 
The solar concentration ratio can be calculated for indoor test setup and outdoor 
Fresnel setup as stated in equation 3.10. 
   
  
  
 
3.10  
Total energy supplied to the target plate will be equal to heat lost from target 
plate plus power extracted from thermoelectric generator plus heat dissipated from base 
plate in case of absence of fins as shown in Figure 27. Energy balance equation for the 
setup shown in Figure 27 is given as follows 
   
   ̇             ̇     ̇     3.11  
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Figure 27 Solid model of indoor testing rig without fins on the heat sink plate 
 
In case of finned heat sink there will be an added component of heat dissipated 
through fins as shown in Figure 28. The energy balance equation for the setup in Figure 
28 is given as follows 
   
   ̇             ̇     ̇      ̇    3.12  
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Figure 28 Solid model of the indoor testing rig with fins on the heat sink plate 
 
Figure 29 Thermal circuit diagram of the indoor testing rig 
 ̇             ̇          ̇        3.13  
Energy is lost at the target plate via convection and radiation heat transfer to the 
ambient air. Energy lossed due to convection is expressed as follows.  
 ̇                       3.14  
Convection heat transfer coefficient is calculated using the heat transfer 
correlations and termed as   , target area is termed as    and the target temperature and 
ambient temperature are    and   respectively.  
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Energy loss due to radiation heat transfer from the target plate to the ambient air 
is expressed as follows. 
 ̇               (  
    
 ) 3.15  
Here,   is Stefan Boltzmann constant,   is the surface emissivity. 
Thermoelectric generator offers some thermal resistance to the flow of heat. Energy 
flowing though the thermoelectric generator can be expressed as   
 ̇    
     
    
 3.16  
Thermal resistance offered by the thermoelectric generator is expressed as      
and    is the base plate temperature in equation 3.16. Heat transfer gel with thermal 
conductivity of 3.5W/m.K is used in between the contact surfaces to reduce the contact 
thermal resistance. The contact surfaces have a good surface finish and are in contact 
with each other under pressure and there is thin film of thermal gel between the contact 
surfaces. So for this analysis the contact interface thermal resistance is neglected and 
hence it is assumed that the cold side temperature of the thermoelectric generator will 
be equal to the base plate temperature. Thermal resistance of the thermoelectric 
generator used in this research is experimentally verified against the manufactures 
specification. 
Heat dissipated by the base plate through convection and radiation is stated in 
equation 3.17 where   is the base area and   is the convection heat transfer coefficient 
calculated using the heat transfer correlations for corresponding geometry temperatures 
and flow types (Incropera, 2007). 
 ̇                          (  
    
 ) 3.17  
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Similarly in case the fins are attached to the base plate, the heat will be 
dissipated from the fin surface as well. Since all the fins are very closely placed, the 
radiation heat transfer through fin surface is neglected in this analysis.  
 ̇                       3.18  
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Figure 30 Theoretical estimation of limiting heat flux for Type A thermoelectric 
generators [Solar Flux (W/m
2
) vs. Velocity (m/sec), hot side temperature = 150°C and 
250°C Ambient Temp: 18°C, Velocity of air range from 0m/sec - 5m/sec]  
(b) Theoretical estimation of limiting heat flux for Type B thermoelectric generators 
[Solar Flux (W/m
2
) vs. Velocity (m/sec), hot side temperature = 150°C and 250°C 
Ambient Temp: 18°C, Velocity of air range from 0m/sec - 5m/sec] 
Estimated limiting heat flux for type A and type B thermoelectric generator is 
illustrated in Figure 30 where the hot side temperature is maintained at 150°C and 
250°C for type A and type B thermoelectric generators respectively. The ambient 
temperature is assumed to be 18°C and air velocity is varied between 0m/sec to 5m/sec. 
Limiting heat flux for type A and type B thermoelectric generators is predicted for 
various conventional heat sink configurations including bare plate and finned heat sink 
with different fin lengths. Fin lengths and fin gap are varied considering the heat sink 
optimization illustrated in earlier section. For both type A and type B thermoelectric 
generators it can be observed that there is a considerable improvement in the limiting 
heat flux when bare plate is replaced with a finned heat sink with 60mm fin. As seen in 
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the heat sink optimization section, the improvement in the thermal resistance of heat 
sink reduces as the length of the fin extends beyond 0.1m. Theoretical estimation of 
type A thermoelectric generator in Figure 30 show that the limiting heat flux would 
enhance by 12% when the fin length is increased from 60mm to 80mm but it increases 
only by 7% on increasing the fin length from 80mm to 100mm at lower velocities. At 
higher velocities the improvement is even lower and drops to 5% from 80mm to 
100mm fin. This trend is similar for the type B thermoelectric generators. From the 
theoretical analysis of fin optimisation and the analytical modelling for estimating the 
limiting heat flux it can be concluded that, there is significantly small reduction in heat 
sink thermal resistance as the fin length approaches 100mm and hence any further 
increase in fin length can be considered to be uneconomical.   
3.4 Maximum theoretical heat flux analysis 
A maximum theoretical limiting heat flux analysis for both the TEG’s is 
presented in this section. Theoretical model is presented where the hot side temperature 
is limited to 150°C and 250°C for type A and type B TEG’s respectively. To estimate 
the theoretical limit of the heat flux, the cooling method is not restricted to passive 
cooling and heat transfer coefficient and heat sinks surface area are increased from zero 
to infinity. 
Total heat reaching the surface of the target plate in case of outdoor solar 
concentrating system is product of incident direct solar heat flux radiation and target 
area as mentioned in equation 12. Further this heat passes through the thermoelectric 
generators attached to the target plate and finally through the base plate and heat sink to 
be dissipated to ambient air. The target area of the test setup is such that 4 
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thermoelectric generators can be accommodated for each test. The individual thermal 
resistance of each thermoelectric generator is known and all 4 thermoelectric generators 
are connected in a parallel thermal circuit. Total heat flowing through these 4 
thermoelectric generators is stated as 
 ̇    
     
    
 
 3.19  
Heat is dissipated from heat sink in form of convection and radiation. 
Convective heat transfer coefficient is a variable term and depends upon the geometry, 
physical properties of air (medium) and its velocity. While for radiation heat transfer 
emissivity, Stephen Boltzmann constant and area are not affected due to any external 
factors and remain unchanged. So Radiation would purely depend on the surface 
temperature and ambient temperature. If we increase the convection heat transfer 
coefficient, the surface temperature will reduce and hence the radiation will be reduced. 
Considering the fact that the thermoelectric cells that are being used in this research 
have the limiting temperature of 250°C, we can exclude the radiation from the 
calculation for developing the maximum theoretical heat flux model for thermoelectric 
generators under testing.  
 ̇                   3.20  
Area of the target    is equal to the area of the base   . By equating the 
equation 3.9 and 3.20 and rewriting it in terms of base temperature    
      
 
  
 
3.21  
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Similarly equating equation 3.9 and equation 3.19 and substituting equation 
3.21 and solving it for incident solar radiation flux . 
  
 
    
        
 
   
 
       
 3.22  
Thermal resistance of the thermoelectric generator is experimentally measured, 
while the target area plate is equal to area of the base plate. Figure 31 shows the 
maximum theoretical heat flux over the Y-axis and modified heat transfer coefficient 
over the X-axis. Convection heat transfer coefficient depends upon the geometry 
(characteristic length of the bare plate or fin), thermal conductivity of fluid medium, 
and the Nusselt number. Nusselt number is a function of Reynolds number that varies 
with the velocity of the fluid medium. Convection heat transfer coefficient over the 
surface of the conventional passive heat sink will increase with rise in the wind velocity. 
However the total heat transfer over the heat sink surface will be the function of 
convection heat transfer coefficient, surface area of heat sink and the temperature 
difference between the surface and the ambient. A new term called modified heat 
transfer coefficient    is defined to consolidate the effect of convection heat transfer 
coefficient    and the ratio of total heat transfer area               with the base 
thermoelectric generator area    . In other words this relation also illustrates the 
relation between the bare plate heat sink with finned heat sink and heat pipe heat sink.  
   
              
    
    
3.23  
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Figure 31 Maximum allowable heat flux for type A and type B thermoelectric cell with 
limiting hot side temperature of 150°C and 250°C respectively 
Figure 31 illustrates the maximum possible limiting heat flux for two 
thermoelectric generators under test. It can be seen from Figure 31 that there is steep 
rise in the allowable heat flux while the required convection heat transfer coefficient 
increases from 0 to 1 kW/m
2
.K. From 1 to 4 kW/m
2
.K the slope of the limiting heat 
flux curve reduces and then flattens with further increase in required convection heat 
transfer coefficient. The approximate value of maximum allowable heat flux of type A 
thermoelectric generator is 64 kW/m
2
 while that for type B thermoelectric generator is 
149 kW/m
2
.  
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Chapter 4 Test setup and procedure, experimental 
results, and discussion for conventional passive 
heat sink 
4.1 Introduction  
The main objective of this chapter is to present and discuss the experimental 
results for the limiting heat flux of thermoelectric generators under various 
conventional passive air cooling conditions. This chapter also compares the theoretical 
predictions derived from the previous chapter with actual experimental data.  
The initial sections of this chapter give an insight on the design of the test 
setups, instrumentation of the test setup and procedures, characterization of the 
thermoelectric generators, design of the dual axis manual solar tracking system and 
characterisation of the Fresnel lens that are being used in the experiments.    
 All the instruments used for measurement are described in detail with their 
accuracies relevant to testing. The experiments are performed in two parts: indoor 
experiments and outdoor experiments. The indoor testing rig was designed to support the 
outdoor testes due to long winter and uncertainty of availability of the clear sky 
conditions for solar energy in Melbourne, Australia. The indoor test setup was designed 
to be able to simulate the outdoor solar concentration condition as well as the ambient 
wind conditions. This gave freedom to perform extensive testing regardless of uncertainty 
of weather in the region of testing. However the indoor testing results are validated by 
performing limited outdoor experiments with the help of the outdoor testing rig.  
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4.2 Characterization of thermoelectric generator 
4.2.1 Introduction 
This section describes the test setup and test procedures used for the characterization of 
the thermoelectric generators that are used for testing in this research. Bismuth telluride 
thermoelectric generators are used in this research. Two commercially available 
thermoelectric modules are used here and the manufacturers catalog is provided in the 
appendix.  
4.2.2 Test setup 
Figure 32 illustrates the schematic of the test setup for the characterization of the 
thermoelectric generators. Thermoelectric generator is sandwiched between the resistive 
electric heater and the micro channel cold plate used as the heat sink. The electric heater 
is supplied with regulated power using a variable voltage regulator. Digital voltage and 
current panel meters are used to record the power input readings. Water flowing through 
the micro channel cold plate is regulated using a flow control valve and the volume flow 
rate of water is measured using a stop watch and a volume measuring flask. An electronic 
load is used to load the thermoelectric generators in order to determine their maximum 
power generation capacity. An Agilent data acquisition system 349070A is used for 
measuring and recording the temperature, voltage and current generated from the 
thermoelectric generator.  
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Figure 32 Schematic of a thermoelectric generator characterization test rig 
(Description of test rig and relative Instrumentation) 
Two samples of thermoelectric generators were investigated to identify properties such as 
thermal resistance, maximum open circuit voltage and power generation capacity.    
 
Figure 33 Picture of thermoelectric generator sandwiched between electric heater and 
micro channel cold plate   
 
Figure 33 shows the picture of the actual setup for thermoelectric characterization. An 
electric heater is mounted on a Bakelite plate used as an electric and thermal insulator. 
Two cartridge resistive electric heaters are inserted in the holes that are drilled in the 
copper heater block. Each cartridge heater has a power rating of 100W. Electric cartridge 
heaters supply heat to the heater block. Heat flows from the heater block into the 
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thermoelectric generator. It is difficult to precisely measure the heat lost due to 
convection and radiation from the heater block to determine the heat flowing through the 
thermoelectric generator. Heat flowing through the thermoelectric electric generator is 
determined by measuring the heat extracted by the micro-channel water cooled heat sink.  
K type thermocouples are used to measure the temperature on the hot and cold side of the 
thermoelectric generator, inlet and outlet of the cooling water passing through the micro 
channel heat sink and the ambient temperature. Thermocouples are glued inside the 
grooves that are created on the surface of the copper heat block and the cold plate to 
allow for good thermal contact between the surface of the thermoelectric generator with 
the copper heat block and heat sink. 
Heat leaving the thermoelectric generator is determined using following equation  
 ̇     ̇     ̇                           5.1  
The size of the copper heater block is 40mm x 40mm to match with the size of the 
thermoelectric generators under test.   
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Figure 34 Picture of experimental setup with data acquisition system, variable voltage 
power supply, and insulated heater with heat sink and thermoelectric generator  
Figure 34 illustrates all the components of the testing system used for characterization of 
the thermoelectric generator. Voltage and current from the variable voltage power supply 
are measured using the digital voltage and current panel meters as shown in Figure 34. 
The resolution of the voltmeter is 1V and that for the ammeter is 0.01A. Agilent 
349070A data logger is used to record various temperatures in the system as well as the 
voltage and current from the thermoelectric generators. Resolution of the temperature 
measurement with k type thermocouples is 0.1°C, while resolution for voltage and 
current measurement using the Agilent data logger is 0.01V and 0.01A respectively.  
4.2.3 Properties of thermoelectric generator 
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Two commercially available thermoelectric generators were tested for their thermal and 
electrical properties during this experiment. Each had a different limiting hot side 
temperature. Different properties of thermoelectric generators are illustrated in this 
section for varying heat flux.  The heat flux is varied keeping the hot side temperature of 
the thermoelectric generator within the maximum limit. The rate of heat leaving the 
thermoelectric generator is calculated using the temperature of the water inlet and outlet 
and the measured mass flow rate of the water through the micro channel cold plate.  
 
Figure 35 Behavior of various temperatures with change in heat flux for type A 
thermoelectric generator with limiting hot side temperature of 150°C 
Figure 35 shows the behavior of hot side and cold side temperature of the type A 
thermoelectric generator with change in the heat flux. A micro channel cooling plate 
removes the heat form the cold side. It is observed that the hot side and cold side 
temperature increases almost linearly with increase in the heat transfer. It can also be 
observed that the temperature difference between the hot and cold side of the 
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thermoelectric generators increases with almost similar slope as that for the hot side 
temperature than that for cold side temperature. This behavior is attributes to high heat 
carrying capacity of the water cooled heat sink. 
 
Figure 36 Behavior of various temperatures with change in heat flux for type B 
thermoelectric generator with limiting hot side temperature of 250°C 
Type B thermoelectric generator demonstrates similar behavior to the type A 
thermoelectric generator for the hot and cold side temperature with change in heat flux.  
A maximum temperature difference between the hot and the cold side of 196°C is 
achieved for the heat of 177W while maintaining the hot side temperature of 250°C using 
the same micro channel heat sink. 
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Figure 37 Power generated from type A and type B TEG for different heat flux 
Figure 37 compares the maximum power output at various heat transfer rates for type A 
and type B thermoelectric generators. With the limiting hot side temperature of 150°C 
type A thermoelectric generator can produce 2.15W at heat flux of 101W and the 
temperature difference across the hot and cold side is 95°C. Type B thermoelectric 
generator has a limiting hot side temperature of 250°C and produce 3.87W for a heat flow 
rate of 177W and the temperature difference between the hot and cold side is 195°C.  
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Figure 38 Thermal resistance of type A and type B thermoelectric generator with respect 
to applied heat flux 
Figure 38 shows the thermal resistance of type A and type B thermoelectric generators 
with change in the applied heat flux. Thermal resistance of thermoelectric generator is 
calculated from the measured values of temperatures and rate of heat output. 
Temperatures are measured using the K type thermocouples and rate of heat output is 
determined using the heat extracted by cooling water jacket. Whilst thermal resistance 
was being determined no power was being generated and hence heat input is assumed to 
be equal to measured heat output.  
Thermal resistance of thermoelectric generator is given by 
      
 ̇   
       
⁄  5.2  
As specified in the manufacturers specifications (refer Appendix) the thermal resistance 
of the thermoelectric generator stays fairly constant with varied applied heat flux. For the 
type A thermoelectric generator the thermal resistance was determined by the 
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measurements and it vary between 1.007 -1.03°C/W over the heat input variation of 
approximately 25-91W. Whereas for type B thermoelectric generator with the limiting 
hot side temperature is 250°C, the thermal resistance varies from 1.10-1.16 °C/W over 
the heat flux variation of 22-177W. These values of thermal resistances for type A and 
type B thermoelectric generator are used in the further section for numerical and 
theoretical analysis to predict the performance of the system. Thermal efficiency of the 
TEG was determined by the equation  
     
 
 ̇  
⁄  5.3  
Where  ̇    ̇      
     
 
 ̇     
 
5.4  
 
Figure 39 Thermal efficiency of type A thermoelectric generator 
  Figure 39 illustrates the thermal efficiency of the type A thermoelectric 
generator with respect to temperature difference between the hot and colds side of the 
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thermoelectric generator. The open circuit voltage of thermoelectric generators is 
directly proportional to the temperature difference between the hot and cold side of 
TEG. It can be observed in Figure 39 that the thermal efficiency increases with increase 
in the temperature difference across hot and cold side of TEG. Some nonlinear 
fluctuations in the graph are attributed to the unstable mass flow rate of cooling water 
that is supplied from the mains water supply line. Thermal efficiency of the type A 
thermoelectric generator varies in the range of 0.8% for temperature difference of 25°C 
to 2.1% for temperature difference of 95°C.  
 
Figure 40 Thermal efficiency of type B thermoelectric generator 
Figure 40 shows the comparison between the thermal efficiency of type B 
thermoelectric generator with temperature difference across hot and cold side of TEG 
similar to the type A thermoelectric generator as shown in Figure 39. A similar trend of 
increase in the thermal efficiency is seen for the type B thermoelectric generator. 
Thermal efficiency of the type B thermoelectric generator is 0.8% at ∆T of 25°C which 
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rises to 2.4 at temperature difference of 180°C. The observed fluctuations in the 
temperature difference are again attributed to the variation in the mass flow rate of 
cooling water.  
 
4.3 Two axis manual solar tracking system for outdoor testing 
4.3.1 Introduction  
A simple manual two axis solar tracking system design is illustrated in this 
chapter which was used with a Fresnel lens of size 1350mm long and 1050mm wide.  A 
rectangular Fresnel lens with point focus is used for solar concentration in this research.   
4.3.2 Manual solar tracking system 
The outdoor experiments were conducted in Melbourne, Australia with the local 
latitude being approximately 38° south. A solar tracking system with two degrees of 
freedom was designed, with provision to mount the Fresnel lens on a light extruded 
aluminum frame.  
 
Figure 41 3D model of Fresnel lens frame showing the C-channel section to hold the lens 
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The aluminum frame with C-channel section as shown in Figure 41 was 
designed to hold the Fresnel lens which was then mounted on the manual dual axis 
solar tracking system. The length and width of the aluminum frame were designed to 
match with the size of the Fresnel lens with 2 mm clearance on each side. 
 
Figure 42 3D model of the manual dual axis solar tracking system with fixed 
focal length 
As shown in Figure 42, the Fresnel lens frame was mounted on the vertical 
column made from square cross section hollow steel bars supported by a bearing on 
each side. This gives the Fresnel lens frame one degree of freedom about axis A. A 
vertical support system was mounted below the rotating frame and that was hinged on 
the fixed base frame. Figure 42 shows the focal area attachment that is supported at a 
fixed distance by four steel bars extending from the Fresnel lens frame. This attachment 
is used to map out the heat distribution within the focal area of the Fresnel lens.  
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Figure 43 3D model of the manual dual axis solar tracking system with variable focal 
length 
Figure 43 shows the 3D model of the manual dual axis solar tracking system 
with variable focal length attachment. This second configuration of attachment was 
used for the testing of thermoelectric generators. Using this attachment enabled to 
changing of the geometric solar concentration over the target area.   
The hinged end of the dual axis solar tracking system must be always facing 
north when used in the southern hemisphere of the earth beyond the tropic. Freedom of 
motion over Axis A and B together will enable precisely tracking of the sun throughout 
the year.   
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4.4 Characterization of the Fresnel lens  
4.4.1 Introduction  
This section presents the characterization of the Fresnel lens being used in this 
research for concentrating the solar radiation when used on the two axis manual solar 
tracking system manufactured in the RMIT workshop. The Fresnel lens and the two 
axis solar tracking system are used in outdoor experimentation to validate the indoor 
testing and numerical results.  
4.4.2 Fresnel lens characterization 
A Fresnel lens is used in this research as a solar concentrator to achieve the 
required level of concentration for the experimentation. As discussed in literature 
review section, a Fresnel lens is a compact form of lens with larger aperture area and 
short focal length. The Fresnel lens used in this research is 1400 mm long and 1050 
mm wide which make up an aperture area of 1.4m
2
. The lens is 4mm thick and made 
from Acrylic. 
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Figure 44 Schematic of Fresnel Lens 
Figure 44 shows the schematic of the Fresnel lens with the focal length and the 
focal point. The focal length of the lens used in this research was measured 
experimentally using sun light as the source and projecting the concentrated radiations 
on the target while varying the distance from the lens aperture.  
 
Figure 45 Picture of a Fresnel lens used for solar concentration  
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Figure 45 shows the picture of the Fresnel lens used for solar concentration in 
this research. This Fresnel lens has very fine circular grooves machined on one side of 
the surface to achieve the solar concentration. It is important to measure the efficiency 
of the lens as well as the target heat distribution. Efficiency can affect the total heat 
reaching the target and affect the thermal concentration, while non-uniform target heat 
distribution can create hot spots on the target and affect the performance of the any 
solar cell placed on the target. Hot spots caused by non-uniform heat distribution can 
have a big variation in temperature and can lead to damage of the solar cells in some 
cases.  
Table 2 Properties of Fresnel lens 
 
Length  1400 mm 
Width 1050 mm 
Thickness 3 mm 
Focal length 1200 mm 
Manufacturer Nihon Tokushu Kogaku Jushi Co., Ltd. (NTKJ) 
Efficiency of the Fresnel lens can be defined as the ratio of the direct incident 
solar radiation on the top surface of the Fresnel lens and the direct incident under the 
top surface of the Fresnel lens.  
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Figure 46 Method to measure the efficiency of the Fresnel lens 
Due to the manufacturing faults, some wear and tear, transmissibility less than 
100% and imperfect refraction there will be some loss of radiation from the lens. Some 
radiation will be reflected back to ambient, while some radiations will be refracted 
missing the target due to inaccuracies and faults in the grooves of the lens as well as 
refractive properties of the lens material. The measured efficiency of the Fresnel lens 
used for this research is 65%. This is less than the manufacturer’s specification and this 
can be attributed to the wear and tear of the lens surface during shipping and during 
operation of the lens at RMIT university research facility.  
Similarly the manufacturing faults and wear and tear causes the non-uniform 
distribution of radiation over the target area. The non-uniform distribution of radiation 
on the target results in hot spots that will be harmful to the operation of thermoelectric 
generators. The non-uniformity in distribution of radiation over the target area is 
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determined experimentally by measuring the temperature distribution over the target 
area using FLIR infra-red camera.  
 
Figure 47 Infrared camera image of the target plate with hot spot at the center 
The target plate was covered with fibre glass that has low thermal conductivity 
to avoid the spreading of heat and clearly thus distinguish the hot spots and other non-
uniform distribution of heat over the target area. Along with the hot spot at the centre of 
the target plate some high temperature points were observed around the hot spot with 
periphery radius of 30mm.  
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Figure 48 Temperature distribution over the target area 
Figure 48 illustrates the detailed temperature distribution over the target plate 
that shows the uneven distribution of temperature and two peaks at the center with 
temperature sharply falling towards the edge of the plate.  
Non uniform heat distribution at the target is undesirable when used with 
thermoelectric generators. Thermoelectric generator requires high but uniform 
temperature over the surface to be able to generate high open circuit voltage. Heat can be 
uniformly distributed over the target area by using high thermal conductive material 
target plate with bigger thermal mass.  
4.5 Indoor and outdoor test setup 
An indoor and outdoor experimental test setup was designed and built in RMIT 
university research facility to assist in testing of thermoelectric generator with variable 
heat flux input and different passive cooling method. Indoor experimental setup 
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consists of to two variants of the heater blocks. One was designed to reach 
approximately 80000 W/m
2
 of heat flux input that can occupy 4 thermoelectric 
generators over it and other with a capacity of 125000W/m
2
 of heat flux input with 
sufficient area to occupy 1 thermoelectric generator over it. The ambient wind 
condition was simulated using the wind tunnel for indoor testing. The outdoor 
experimental setup consists of a manual dual solar tracking system with a Fresnel lens 
solar concentrator as described in the earlier section.   
4.5.1 Indoor test setup 
Figure 49 shows a schematic diagram of the indoor testing setup used for testing 
thermoelectric generators to determine their limiting heat flux. As mentioned earlier 
solar concentration is simulated using resistive electric heating elements embedded in 
the aluminum heater block for the indoor test setup. The heater block and its design are 
explained in the further section. A variable voltage transformer is used to control the 
power input to the heater block. A digital voltmeter and ammeter are used to measure 
voltage and current input to the heater block. The test setup with solar concentration 
simulator and heat sink is placed inside the previously mentioned wind tunnel. The 
speed of air inside the wind tunnel is controlled using the fan speed controller.  
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Figure 49 Schematic of indoor testing setup 
A Pitot tube is inserted inside the wind tunnel with total pressure and static 
pressure tapping’s that are connected to an inclined manometer to measure the dynamic 
pressure of air inside the wind tunnel from which the velocity may be deduces. Hand 
held anemometer is also used to validate the air velocity in the indoor setup. A data 
acquisition system is configured with a computer to measure and record different 
parameters such as temperature, voltage and current from the test setup. 
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Figure 50 Pictures of wind tunnel, inclined manometer, speed controller and anemometer 
Figure 50 shows the actual pictures of the wind tunnel, inclined manometer, 
speed controller for the wind tunnel and the hand held anemometer being used for this 
research.
 
Figure 51 3D Model for indoor thermal solar concentrator simulators 
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Figure 51 shows 3D models of the indoor solar thermal concentration simulator 
heater blocks for use with 4 thermoelectric generators and 1 thermoelectric generator. 
Both the configurations have 2 resistive heating elements inserted in an aluminum 
heater block. Each resistive heating element for the 4 TEG indoor heater setup is rated 
at 250W and that for 1 TEG indoor heater setup is rated at 100W.   
 
Figure 52 Variable voltage transformer and AC digital voltmeter and ammeter 
Figure 52 shows the variable voltage transformer and the AC voltage and 
current readout used for indoor experiments. Resistive electric heaters are powered 
using the mains power supply and the voltage transformer is used to regulate the input 
power input to the heating elements. Digital voltage and current panel meters helps to 
precisely measure the amount of power input to the electric heating elements. The 
voltage transformer and the voltage and current display panels are manufactured in 
RMIT university workshop.  
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Figure 53 Data acquisition systems used in this research 
Figure 53 shows the data acquisition systems used for indoor and outdoor 
experiments. The yokogawa MV200 data acquisition system is used for indoor 
experiments and Agilent 34970A data acquisition is used for outdoor testing. Both the 
data acquisition systems are capable of measuring parameters such as temperature, DC 
voltage and DC current. K type thermocouples are used to measure the temperature.  
 
Figure 54 Electronic loads used in this research 
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Figure 54 shows the electronic loads used in these experiments. The BK 
precision 8540 electronic load has a capacity of 150W. This load device can also 
display voltage, current and resistance and is light and portable. Kikusui PLZ1004W is 
a programmable electronic load with capacity of 1000W and can display voltage 
current, power as well as resistance. Both the loads have provision to measure open 
circuit voltage and short circuit current.  
4.6 Indoor experiment results 
This section presents the results for indoor experiments to determine the 
limiting heat flux for thermoelectric generator type A and type B with conventional 
passive air cooling. In this thesis passive cooling methods are identified and then 
classified as conventional and non-conventional technologies. This section illustrates 
the detailed results and analysis for conventional passive heat sinks such as bare plate, 
finned heat sink and heat pipe heat sink with air cooling.  
4.6.1 Bare plate heat sink 
This section illustrates the results and discussion of the experiments for air 
cooling using bare plate the as heat sink over cold side of the thermoelectric generators. 
The thermoelectric generators are sandwiched between the heater plate and the base 
plate.  
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Figure 55 Indoor test for bare plate air cooling of thermoelectric generators using wind 
tunnel 
Figure 55 shows the indoor testing setup placed inside the wind tunnel with 
power supply and data acquisition system. Air velocity was varied from 0m/sec to 
5m/sec.  
 
Figure 56 Comparison of theoretical and experimental limiting heat flux for type A and 
type B thermoelectric generator with bare plate cooling 
Figure 56 shows the comparison between the experimental and theoretical 
results for type A and type B thermoelectric generator with bare plate cooling over the 
range of wind speed varying from 0m/sec to 5m/sec. The theoretical results match 
 96 
closely with the experimental results. Experimental value of limiting heat flux for type 
A thermoelectric generator for 0m/sec velocity is 4.5kW/m
2
 where limiting hot side 
temperature is 150°C, while that for type B thermoelectric generator with limiting hot 
side temperature of 250°C is 8kW/m
2
. It is seen from the above graph that with 
increase in air velocity the limiting heat flux increases. This is due to the increase in 
convection transfer coefficient over the surface area of bare plate that is assisting in 
heat dissipation from the cold side of the thermoelectric generator. 
Solar concentration in this case is calculated assuming the value of direct 
incident solar radiation flux of 900 W/m
2
. Solar concentration or number of suns is 
defined as follows 
        
                      
                                   
 
5.5  
 
Figure 57 Comparison of cold side temperature for type A and type B thermoelectric 
generators at air velocity varying from 0m/sec to 5m/sec with bare plate cooling 
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Figure 57 illustrates the behaviour of the cold side temperature for type A and 
type B thermoelectric generator at various air velocity ranging from 0m/sec to 5m/sec 
with bare plate heat sink. It can be observed that the cold side temperature decreases as 
the air velocity goes on increasing and the temperature difference between hot and cold 
side increases. It is also observed that a higher temperature difference can be achieved 
for type B thermoelectric generator for same air velocity and same bare plate for 
cooling. This is because of the higher surface temperature that can be used in case of 
the type B thermoelectric generator that will enhance the total heat transferred from the 
cold side.   
 
Figure 58 Type A thermoelectric power generation at velocity ranging from 0m/sec to 
5m/sec with bare plate cooling 
Figure 58 shows the behaviour of type A thermoelectric generator when under 
electric load with bare plate cooling and velocity ranging from 0 m/sec to 5 m/sec. It 
can be observed that the maximum power point for the type A thermoelectric generator 
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falls around the 2.5-3.5Ω. The maximum power point of thermoelectric generator is 
achieved by matching the value of external resistance to the internal electrical 
resistance specified by the supplier of the thermoelectric generator (see appendix). For 
5m/sec of air velocity and heat flux of 8kW/m
2
, the maximum power generated by type 
A thermoelectric generator is close to 0.15W.  
 
Figure 59 Type B thermoelectric power generation at velocity ranging from 0m/sec to 
5m/sec with bare plate cooling 
Figure 59 shows the comparison of maximum power generation of type B 
thermoelectric generator for different air velocities using bare plate cooling. The type B 
thermoelectric generator can sustain hot side temperatures of 250°C and hence can have 
higher heat flux flowing through it at same air velocity and cooling method compared 
to the type A thermoelectric generator that can only sustain 150 °C. Higher heat flux 
allows type B thermoelectric generator to generate higher power. This TEG generates 
0.25W with bare plate cooling at air velocity of 5m/sec.  
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4.6.2 Finned heat sink 
Fins are extended surfaces attached to the bare plate to increase the surface area 
and hence enhance the convective heat transfer. Recommendations on fin length and fin 
gap are adapted from the fin optimization section of this thesis to be used for 
experimentation in this section. Increasing the length of fin would add to the surface 
area of a fin that will increase the amount of heat transfer. However the increase in 
metallic resistance enforces a limit on the length to which the fin can be extended and 
can still be beneficially useful in enhancing the performance of the heat sink. Beyond 
certain length of the fin it will no longer efficiently aid in increasing the heat transfer 
capacity of the heat sink. It is observed during the theoretical analysis on fin 
optimization that the efficiency of a fin drops considerably beyond 100mm length for 
the range of heat flux being dealt with in this research. Hence three different fin lengths 
are chosen for theoretical analysis and experiments.  
 
Figure 60 Three different fin lengths for cooling of type A and type B thermoelectric 
generator  
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Figure 60 shows three different fin length heat sinks that are used for this 
research to determine the limiting heat flux for type A and type B thermoelectric 
generator. The surface area of the base plate is 100 cm
2
 which can occupy 4 
thermoelectric generators that are 40mm long and 40mm wide (i.e. 16cm
2
). The base 
plate is added with the extended vertical fins to enhance the heat transfer which will 
allow us to reach higher solar heat flux while maintaining the temperature of the hot 
side of the thermoelectric generator within its working limit. Three different fin length 
configurations have been examined in this research. All the three configurations have 8 
fins that are separated by 10mm from each other. The first configuration has fin length 
of 60mm from the base plate with a total surface area of 768cm
2
. The second 
configuration has fins length of 80mm from the base plate with a total surface area of 
1024cm
2
. And the last fin has fin length of 100mm from the base plate having a total 
surface area of 1280cm
2
. 
 
Figure 61 Indoor test for fin heat sink cooling of thermoelectric generators using wind 
tunnel 
Indoor test setup for finned heat sink cooling of thermometric generator is as 
shown in Figure 61. Thermoelectric generator is sandwiched between the heater plate 
 101 
and the heat sink base plate. Heater plate is placed elevated above the surface of wind 
tunnel to allow the heat transfer over the surface to have as far as natural conditions. 
For actual outdoor conditions the target plate will be equivalent to the back surface of 
heat plate that will also be subjected to flow of ambient air. 
4.6.2.1 60mm fin heat sink  
 
Figure 62 Comparison between theoretical and experimental results for limiting heat flux 
of type A and type B thermoelectric generator with 60mm fins heat sink for cooling 
Figure 62 shows the comparison between theoretical and experimental results 
for limiting heat flux of type A and type B thermoelectric generators. The heat sink 
with 60mm fin length is used in this experiments and the wind velocity is varied from 
0m/sec to 5m/sec. Experimental results shows that type A thermoelectric generator can 
reach a heat flux of 21400 W/m
2
, and type B thermoelectric generator 48925W/m
2
.  
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4.6.2.2 80mm fin heat sink 
 
Figure 63 Comparison between theoretical and experimental results for limiting heat flux 
of type A and type B thermoelectric generator with 80mm fins heat sink for cooling 
Similar to the Figure 62, Figure 63 illustrates limiting heat flux for type A and 
type B thermoelectric generator with 80mm fin length heat sink cooling. A very similar 
trend can be observed for limiting heat flux using 80mm fin heat sink. Limiting heat 
flux for type A and type B thermoelectric generators increases with increase with 
velocity of air, however the slope tends to slowly decrease as the velocity goes on 
increasing and it suggests that the heat flux value will reach an asymptote. 
Experimental results suggest that type A thermoelectric generator can reach heat flux of 
22806W/m
2
, and type B thermoelectric generator 50290W/m
2
 with 80mm fin heat sink 
for cooling.  
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4.6.2.3 100mm fin heat sink 
 
Figure 64 Comparison between theoretical and experimental results for limiting heat flux 
of type A and type B thermoelectric generator with 100mm fins heat sink for cooling 
Figure 64 shows the limiting heat flux for type A and type B thermoelectric 
generator with 100mm fin heat sink. Experimental results suggest that type A 
thermoelectric generator can reach heat flux of 23460W/m2, and type B thermoelectric 
generator 52251W/m2 with 100mm fin heat sink for cooling. There is certainly an 
improvement in limiting heat flux that can be reached by type A and type B 
thermoelectric generators with increase in fin length from 60mm to 100mm. However 
the improvement in the increase of limiting heat flux is small and this is attributed to 
the decrease in fin efficiency with increase in fin length.  
4.6.3 Heat pipe and fin air cooling 
Heat pipes are heat transfer devices that use the latent heat of vaporization to 
transport the heat over a distance. Heat pipes consist of a container made from high 
thermal conductive metal (for example copper) that contains some suitable working fluid 
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(for example water) and a wick on the inner surface of the container for capillary 
pumping. The heat pipe container is evacuated and maintained at suitable pressure 
depending on working fluid properties and required range of working temperature. The 
evaporator of a heat pipe is exposed to the heat source and condenser section disposes 
heat to the air blowing over the heat pipe. This air acts as a heat sink. Working fluid in 
heat pipe absorbs heat from heat source in form of latent heat and changes its phase from 
liquid to vapour. Vapour travels in the empty space and dissipates the heat over 
condenser to convert back to liquid and return to evaporator section with gravity or with 
the help of wick assisted capillary pumping. The heat pipe is capable of carrying high 
heat flux over its length with minimum drop in temperature that makes it very suitable to 
be used in this application.  Heat pipes can transport the heat from small target area and 
would allow us to dissipate that heat to a larger heat sink.  
4.6.4 Effect of fins on the solar heat flux limit 
Heat pipe evaporator area is normally 20% of its total surface area. The 
intermediate adiabatic section is ideally insulated to avoid any heat loss. Whether any 
heat loss occurs depends upon the application and the distance through which heat is 
required to be transferred. The condenser section is typically longer to provide the 
maximum area for heat dissipation. Heat pipes are very suitable for cooling in the case of 
solar concentration systems since the target area is subjected to very high heat flux and 
requires cooling. It is observed in the earlier section that there is a physical limit on the 
number of fins (depending on optimum fin gap) that can be attached to the target area as 
well as there is limit on the length of fins to be efficient (optimum fin length). This is 
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overcome by having a bigger condenser and by having longer condenser length to attach 
the fins.  
4.6.5  Effect of heat pipe on the thermoelectric power generation  
It is evident from the discussion in the earlier section that heat transfer will be 
enhanced by having larger surface area of fins which will be possible by using heat pipe 
to transport heat away from target area. Ability of heat pipe heat sink to dissipate more 
heat from the condenser would allow higher heat flow through the thermoelectric 
generator. This would enable reaching higher heat flux than that for bare plate heat sink 
or finned heat sink over the target area. 
The evaporator of the finned heat pipes is attached to the cold side of a 
thermoelectric generator which will maintain the cold side temperature to lower value. 
Having lower temperature on the cold side of thermoelectric generator provides higher 
temperature difference between the maximum allowable hot side temperature and cold 
side temperature that will result in high open circuit voltage. The power generation 
capacity of thermometric generator is directly proportional to the amount of heat flowing 
through it, and the use of heat pipe allows enhancing the heat transfer over a small target 
area and in turn increasing the total heat flowing through the thermometric generator. 
Hence the use of heat pipe heat sink over the target area will eventually increase power 
production capacity.  
From the earlier discussion now it’s evident that the cold side temperature of the 
thermoelectric generator will be relatively lower when heat pipes are used for heat 
transport than when we use fins attached to the base plate alone. Heat transfer due to 
convection will be dominant more than radiation since the temperature is maintained at 
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lower value. Convection heat transfer coefficient is a function of the fluid flow pattern, 
surface orientation and surface geometry. Ideally it is preferable to use the optimised fin 
gap and fin length to have maximum heat transfer over the heat sink, however for the 
experiments in this research we have chosen to use an off the shelf heat pipe heat sink 
that is commonly used for electronics cooling, mainly for processor cooling in desktop 
computers. The heat sink has 4 U-shaped heat pipes with diameter of 6mm and total 
length of 200mm. Each heat pipe offers a thermal resistance of 0.32°C/W. Heat pipes at 
the base of U shape are flattened and attached to an aluminum heat spreader to allow 
maximum surface contact with the heat source. U-shape helps to attach fins across all the 
heat pipes together.  
 
Figure 65 Heat pipe with large quantity of condenser finning used for experiments in this 
research 
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Figure 65 shows the heat pipe heat sink used for experiments in this research. 4 
U-shaped heat pipes are flattened at the evaporator and consist of 36 fins along the 
vertical length acting as condenser for dissipating heat. Each fin is 100mm in length and 
50mm in width and separated from each other with a distance of 4mm. These fins are 
placed closely in the heat sink since it is designed to be used for processor cooling and is 
restricted by small space inside the desktop computer. The overall surface area of the heat 
pipe condenser is 0.18m
2
 which is 3 times greater than that for a simple finned heat block 
attached directly to target area.  
Initial experiments for cooling using this heat pipes were performed under air 
velocity of 0m/sec or in other words under natural convection cooling condition. It was 
observed that the cold side temperature of the thermoelectric generator was maintained at 
lower value than that which was achieved while using the bare plate or simple finned 
block. However contrary to what might be expected the limiting heat flux value was also 
lower than that achieved with the other heat sink configurations. It is assumed that the 
reason the limiting heat flux did not have any improvement under natural convection 
condition, can be attributed to the smaller fin gap that restricts convection heat transfer 
which is dominant at lower temperature. Due to this reason it was decided that the heat 
pipe heat sink will be tested under air velocity ranging from 1m/sec – 5m/sec.  
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Figure 66 Comparison between theoretical and experimental results for limiting heat flux 
of type A thermoelectric generator 
Figure 66 shows the comparison between theoretical and experimental results 
for limiting heat flux of type A thermoelectric generator with the heat pipe with finned 
condenser. Good agreement between theoretical and experimental results is observed in 
Figure 66. Experimental results show that at 1m/sec air velocity the heat pipe with finned 
condenser has limiting heat flux for type A thermoelectric generator is 32.7kW/m
2
. 
Limiting heat flux increases to 40.3kW/m
2
 as the air velocity increases and reaches 
5m/sec of air velocity which is 23% improvement from limiting heat flux at air velocity 
of 1m/sec.  
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Figure 67 Comparison between theoretical and experimental results for limiting heat flux 
of type B thermoelectric generator 
Figure 67 illustrates comparison between theoretical and experimental results 
for limiting heat flux of type B thermoelectric generator with the heat pipe with finned 
condenser. Type B thermoelectric generator has higher limiting hot side temperature than 
that for type A and hence it can reach high limiting heat flux. With air velocity of 1m/sec 
type B thermoelectric generator can reach limiting heat flux of 59.2kW/m
2
 and for an air 
velocity of 5m/sec can reach 76.7kW/m
2
 which is approximately 30% higher.  
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Figure 68 Maximum power generation from type A and type B thermoelectric generator  
Maximum power generation capacity of type A and type B thermoelectric 
generator is illustrated in Figure 68  at different air velocity ranging from 1m/sec to 
5m/sec. It is observed that at 1m/sec air velocity, maximum power generation from type 
A thermoelectric generator is 1.6W whereas that for type B thermoelectric generator is 
2W. Both thermoelectric generators see a steady rise in power generation as the air 
velocity is increased. At 5m/sec it is observed that the type A thermoelectric generator 
produced 1.86W while type B thermoelectric generator produced 2.17W.  
4.6.6 Heat flux comparison 
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Figure 69 Comparison of limiting heat flux for type A thermoelectric generator with bare 
plate, finned block with 60mm long fins, finned block with 80mm long fins and finned 
block with 100mm long fins  
Figure 69 shows the comparison between the limiting heat flux for type A 
thermoelectric generator cooled with a bare plate, finned heat block(60mm length fin, 
80mm length fin, 100mm length fin) and heat pipe with finned condenser. It is evident 
from Figure 69 that the limiting heat flux for type A thermoelectric generator increases in 
achievable heat flux from when cooled with bare plate to finned block and further 
increases as we move on to being cooled by heat pipe with finned condenser. Limiting 
heat flux at air velocity of 0m/sec with bare plate heat sink is 4kW/m
2
. However for 
finned block with 60mm fin length, the limiting heat flux increases by 100% to 8kW/m
2
. 
Further increasing the length of the fins to 80mm shows the increase in the limiting heat 
flux for type A thermoelectric generator by 25% to 10kW/m
2
. Rise in the limiting heat 
flux with increase in the length of the fin length goes on, but with diminishing returns 
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with increase in fin length and for fin length of 100mm the improvement is only 6% 
going to 10.6kW/m
2
.  
The limiting heat flux for the type A thermoelectric generator at an air velocity 
of 1m/sec with bare plate heat is 8.8kW/m
2
, for finned block with 60mm fin length is 
13kW/m
2
, for 80mm long fin is 14.2kW/m
2
 and that for 100mm long fin is 14.7kW/m
2
. A 
similar trend of decrease in improvement of limiting heat flux is seen. At 1m/sec the 
limiting heat flux with heat pipe with finned condenser is 32.7kW/m
2
, which is 2.17 more 
than that for finned block with 100mm fin length.   
A similar trend is seen over the whole range of variation in air velocity for type 
A thermoelectric generator. At 5m/sec air velocity the limiting heat flux for bare plate is 
observed to be 16kW/m
2
 that for finned block of 100 fin length is 23.4kW/m
2
 while that 
for heat pipe with finned condenser is 40.3kW/m
2
. 
Considering that there is not any significant improvement in the heat transfer by 
increasing the fin length beyond 100mm, it can be said that the limiting heat flux for type 
A thermoelectric generator with finned block is 23400W/m
2
 at air velocity of 5m/sec. 
while that for heat pipe with finned condenser is 40300 W/m
2
. Limiting heat flux can be 
expressed in terms of limiting number of suns when subjected to actual solar concentrator 
as seen on the secondary Y-axis considering the direct solar radiation over the aperture of 
solar concentrator to be 900 W/m
2
.  
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Figure 70 Comparison of limiting heat flux for type B thermoelectric generator with bare 
plate, 60mm long fins, 80mm long fins and 100mm long fins  
Similar to the earlier comparison, Figure 70 shows the comparison between the 
limiting heat fluxes for type B thermoelectric generator with bare plate, 60mm length fin, 
80mm length fin and 100mm length fin for velocity varying from 0m/sec to 5m/sec. 
Limiting heat flux for bare plate with air velocity of 0m/sec is 9250 W/m
2
, while that for 
5m/sec air velocity is 34600 W/m
2
. An improvement of 65% is seen in the limiting heat 
flux from bare plate to 60mm finned block at 0m/sec air velocity reaching 15350 W/m
2
. 
However for 5m/sec air velocity the improvement is only 41% from bare plate to 60mm 
length finned block reaching 48900 W/m
2
. Thereafter a similar trend is seen in 
improvement of limiting heat flux was observed that seen with the type A thermoelectric 
generator. Very insignificant improvement is seen with increase in length of fin from 
60mm to 80mm and further to 100mm. Maximum limiting heat flux for the type B 
thermoelectric generator with 100mm length fin and 5m/sec air velocity is 52000 W/m
2
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which is equivalent to 58 suns solar concentration under the constant direct solar of 900 
W/m
2
 over the solar concentrator surface.   
4.6.7 Thermoelectric power generation comparison 
 
Figure 71 Comparison Power generated by each type A thermoelectric generator with 
respect to wind speed ranging from 0m/sec to 5m/sec for 5 heat sinks 
configurations 
Figure 71 shows the experimental results for electric power generation from the 
type A thermoelectric generators under test in this research. The trend of power 
generation curves matches with the limiting heat flux curves as illustrated in Figure 69. 
Drastic rise in power generation capacity can be observed going from the bare plate to 
having 60mm finned block, however this rise fades as the fin length is increased from 
60mm to 80mm and further to 100mm. Type A thermoelectric cell with bare plate and 
natural convection (0m/sec air velocity) heat transfer results in power generation of 
0.0189W. This increases to 0.1W showing improvement of more than 5.29 times for 
60mm fined block. Further increasing the fin length to 80mm the power generation 
from type A thermoelectric generator rises to 0.16W which is just 1.6 times greater. 
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This trend of decreasing the percent rise in power, with increase in the fin length is 
displayed further when the fin length goes to 100mm and power output from the 
thermoelectric generator is 0.18W which is only 1.01 times greater than the power 
output using 80mm length finned block. Increase in air velocity raises the maximum 
power produced by each type A thermoelectric generator. Type A thermoelectric 
generator with bare plate produces maximum power of 0.11W at air speed of 5m/sec. 
At the same time 60mm finned block increases the power production of type A 
thermoelectric generator by 4.35times to 0.479W. However further increasing the fin 
length to 80mm improves the power production of type A thermoelectric generator only 
by 1.06 times to 0.51W. Maximum power output from type A thermoelectric generator 
with 100mm fin length at heat flux of 23.4kW/m
2
 and 5m/sec air velocity is 0.538W 
which is only 1.03 times that with 80mm fin length.  
 
Figure 72 Comparison Power generated by each type B thermoelectric generator with 
respect to wind speed ranging from 0m/sec to 5m/sec for 5 heat sinks configurations 
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Figure 71 Figure 72 shows the experimental results for electric power 
generation from type B thermoelectric generators under test in this research. Similar 
behaviour is observed for type B thermoelectric generator to that for type A 
thermoelectric generator.  Drastic rise in power generation capacity can be observed 
from bare plate to having 60mm finned block, which fades as the fin length is increased 
from 60mm to 80mm and further to 100mm. With natural convection over the bare 
plate (0m/sec air velocity) type B thermoelectric generator produce 0.02W that 
increases to 0.2W showing improvement of more than 10 times for 60mm finned block. 
It is observed that the increase in the power generation for type B thermoelectric 
generator from bare plate to 60mm fin heat sink is better than that for type A 
thermoelectric generator. This is because of the limiting temperature of type B 
thermoelectric generator being 100°C higher than that for type A thermoelectric 
generator. Higher temperature increases the convection and radiation heat transfer that 
will allow higher temperature difference between the hot and cold side of type B 
thermoelectric generator. Further increasing the fin length to 80mm the power 
generation from type B thermoelectric generator rises to 0.25W which is just 1.25 times 
greater and for 100mm finned block power output from type B thermoelectric generator 
increases only by 1.12 times to 0.28W. 
 Increase in the air velocity gradual raises the maximum power produced by 
each type B thermoelectric generator. Type B thermoelectric generator with bare plate 
produces maximum power of 0.25W at air speed of 5m/sec. At the same air velocity 
and 60mm fin heat power production of type B thermoelectric generator is increased by 
3.36imes to 0.84W. However further increasing the fin length to 80mm improves the 
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power production of type B thermoelectric generator only by 1.09 times to 0.92W. 
Maximum power output from type A thermoelectric generator with 100mm fin length 
at heat flux of 52.2kW/m
2
 and 5m/sec air velocity is 0.98W which is only 1.06 times 
that with 80mm fin length.  
4.6.8 Thermoelectric generator cold side temperature comparison 
Temperature difference between the hot and cold side of thermoelectric 
generator is the primary driving force for generation of voltage and the two are directly 
proportional with each other.  
 
Figure 73 Comparison between the cold side temperatures of type A thermoelectric 
generator for various heat sink configurations 
Limiting hot side temperature for type A thermoelectric generator is 150°C and 
that for type B thermoelectric generator is 250°C. 
 118 
 
Figure 74 Comparison between the cold side temperatures of type A thermoelectric 
generator for various heat sink configurations 
Figure 73 and Figure 74 shows a comparison between the experimental results for 
cold side temperature of various heat sinks with changing wind velocity. Cold side 
temperature is observed to drop as the air velocity is increased for each heat sink 
configuration for both thermoelectric generators. However it can also be seen that the 
slope of decrease in cold side temperature for bare plate and finned block is higher than 
that for heat pipe with finned condenser. This is attributed to the higher temperature of 
bare plate and finned block configuration that help in enhancing the heat transfer as the 
air velocity is increased. However in case of heat pipe with finned condenser the 
temperature of the cold side of TEG is already better in as much as it is in the lower range 
compared to other configuration and hence there is very little further enhancement in heat 
transfer with air velocity.  
4.7 Outdoor experimental results  
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The indoor experimental rig was set up to have more flexibility enabling the 
conducting of a variety of experiments without getting affected by the weather in the 
geographical region where the experiments were conducted. However an outdoor 
experimental test rig was setup to validate the theoretical analysis and indoor 
experimental results for their consistency. The outdoor test rig consists of a Fresnel lens 
that is used as a solar concentrator with a 2 axis manual solar tracking system as 
described in the earlier section, and the same heat sink configurations as were tested with 
the indoor experiments.  
 
Figure 75 Outdoor testing rig with Fresnel lens and 2 axis solar tracking system  
 
 Figure 75 illustrates the picture of the actual 2 axis solar tracking system with 
rectangular Fresnel lens as mentioned in Figure 42 and Figure 43 used for outdoor 
testing. The focal length of the target area is variable to adjust the solar concentration.  
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Figure 76 Variation of solar concentration for outdoor test rig  
As shown in Figure 76, the Fresnel lens solar concentrator used for the outdoor 
testing rig has a fixed surface area of 1.4 m2 with 1350 mm length and 1040 mm width. 
Hence a simple system was designed to change the surface area of the Fresnel lens 
aperture on the outdoor testing rig to hence change the amount of incident solar radiation 
reaching the target area. Changing the geometric concentration between the aperture area 
(Fresnel lens) and the target area (target plate) in in turn changes the solar concentration 
as well. Thin sheet of plywood was cut to the shape of Fresnel lens which was further cut 
in concentric sections of equal width along the length and breadth that allowed a precise 
control over the surface area of Fresnel lens that would allow the solar radiations to pass 
through. For the further precise control over solar concentration, variable sizes of white 
foam sheets are used as shown in Figure 76.  
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Figure 77Outdoor test rig with test setup installed at the target area 
 
 
Figure 78 Outdoor testing rig with various fin heat sink configurations under testing 
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Figure 79 Outdoor testing rig with heat pipe heat sink 
Figure 77, Figure 78 and Figure 79 illustrates the outdoor testing setup for various 
heat sink configuration including fin heat sink of different lengths and heat pipes heat 
sink. Thermoelectric generator is sandwiched between the target plate and heat sink and 
heat sink is subjected to the outdoor natural wind condition.  
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Figure 80 Comparison between indoor and outdoor experiments for determining the 
limiting flux for type A and type B thermoelectric generator with bare plate heat sink 
Outdoor experiments are conducted in natural wind conditions and hence only 
single data point is collected for each heat sink configuration and the actual outdoor wind 
velocity is measured using the handheld anemometer across the heat sink at the target. 
Figure 80 shows the comparison between the indoor and outdoor results for type A and 
type B thermoelectric generator with the bare plate. While testing the type A 
thermoelectric generator the average ambient wind speed was measured to be 3.5m/sec. 
Heat flux at the target was calculated by measuring the surface area of Fresnel lens that is 
open to the direct solar radiation and measuring the direct incident solar radiation over 
the Fresnel lens surface. Outdoor results are found to have a very good agreement with 
the indoor measurements. Outdoor measurements suggest that limiting heat flux for type 
A thermoelectric generator at 3.5m/sec of air velocity is 14.2kW/m
2
, while limiting heat 
flux for type B thermoelectric generator at 1m/sec measured ambient air velocity is 
15.1kW/m
2
.  
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Figure 81 Comparison between indoor and outdoor experiments for determining the 
limiting flux for type A and type B thermoelectric generator with 60mm length fin heat 
sink 
 
Figure 82 Comparison between indoor and outdoor experiments for determining the 
limiting flux for type A and type B thermoelectric generator with 80mm length fin heat 
sink 
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Figure 83 Comparison between indoor and outdoor experiments for determining the 
limiting flux for type A and type B thermoelectric generator with 100mm length fin heat 
sink 
Figure 81, Figure 82and Figure 83 shows the comparison between indoor and 
outdoor limiting heat flux for type A and type B with 60mm, 80mm and 100mm length 
fin heat sink respectively. All the fin configurations have shown a good agreement 
between indoor and outdoor experimental results. Limiting heat flux with outdoor 
measurements with 60mm fin length for type A thermoelectric generator is 14.1kW/m
2
, 
while that for type B is 23.6kW/m
2
 while that for type A and type B thermoelectric 
generator with 80mm length fin 15.2kW/m
2
 and 27.2kW/m
2 
respectively and with 
100mm fin length for type A and type B thermoelectric generator is 16.4kW/m
2
 and 
36.8kW/m
2
 respectively.  
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Figure 84 Comparison between indoor and outdoor experiments for determining the 
limiting flux for type A and type B thermoelectric generator with heat pipe heat sink 
Figure 84 shows the comparison between indoor and outdoor measurements for 
limiting heat flux for type A and type B thermoelectric generator cooled with heat pipe 
with finned condenser. Outdoor limiting heat flux for type A thermoelectric generator is 
measured as32.8kW/m
2
 and 60.6 kW/m
2
 respectively. 
4.8 Limiting heat flux for conventional heat sinks 
The comparison of experimental and theoretical resutls for limting heat flux of 
type A and type B thermoeletric generators with conventional heat sink cooling are 
illustrated in this section.  
 127 
 
Figure 85 Comparison of maximum theoretical limiting heat flux with the experimental 
results using conventional heat sinks for type A thermoelectric generators 
It can be observed from Figure 86 that the experimental results for bare plate heat sink, 
finned heat sink and heat pipe heat sink closely match with the theoretically predicted 
limiting heat flux for type A thermoelectric generator.  
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Figure 86 Comparison of maximum theoretical limiting heat flux with the experimental 
results using conventional heat sinks for type B thermoelectric generators 
Figure 86 illustrates the comparison of the experimental results for conventional 
heat sinks with the maximum theoretical heat flux curve for type B thermoelectric 
generator. This comparison proves to be a handy tool for future designers of such system 
to make a decision on cooling system requirements according to the energy demands.  
4.9 Chapter summery  
This chapter presents the design of testing setup and procedures for experimental 
work carried out to determine the limiting heat flux for two commercially available types 
of thermoelectric generator with passive air cooling. Thermoelectric generators used in 
this research are characterised for their thermal and power generation properties to 
confirm their consistency with the manufacturer’s specification. The two axes solar 
tracking system designed and manufactured in RMIT university campus is briefly 
described in this chapter. Characterization of the Fresnel lens used as a solar concentrator 
 129 
in outdoor experiments is presented in this chapter. Further in this chapter the indoor 
experimental results for limiting heat flux with different heat sink configurations is 
presented and compared with the theoretical predictions. Finally outdoor experimental 
measurements are presented and compared with indoor measurements and a good 
agreement is seen between them.  
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Chapter 5 Theoretical analysis, experimental results 
and discussion for non-conventional  
5.1 Introduction  
Passive air cooling as described in earlier chapter has its own limitations to 
overcome the limiting heat flux under concentrated solar conditions. This is due to the 
thermodynamic properties of air as a working fluid. Limits on heat flux can be stretched 
by adapting a working fluid with higher heat carrying capacity. This chapter gives an in-
site on passive water cooling system proposed for thermoelectric generators to enhance 
the limiting heat flux and achieve higher cooling from the cold side of thermoelectric 
generator. Thermodynamic properties of water are attractive for the thermoelectrics 
passive cooling application since it has higher specific heat than air and the latent heat of 
water can also be used for heat dissipation and cooling with various operating pressures.  
Initial section of this chapter presents the proposed design for passive cooling of 
thermoelectric generators using heat pipe and water cooling followed by the 
mathematical modelling of the proposed system and the experiments to validate the 
predictions.  
5.2 Proposed system 
A system is proposed in this section for dissipating the heat form the high heat 
flux source with the help of passive heat sink. The proposed system consists of the heat 
pipe evaporator connected to the heat spreader plate that is coupled to the cold side of 
thermoelectric generators. Heat pipes will carry the heat from the evaporator to its 
condenser which is immersed in the water. Heat dissipation and cooling can be achieved 
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in form of sensible heat transfer to water or latent heat transfer to water. Instead of 
dumping the heat in the ambient air as discussed in the earlier section, this system 
proposes to dissipate the heat in water which opens up an avenue of having the secondary 
function to the proposed system. With proper sizing of the water tank a system can be 
designed to operate during the peak sun hours with various secondary applications of 
cogeneration of heat that is dissipated into water. Two passive cooling systems are 
proposed in this chapter, one that will use the sensible heat of water to dissipate the heat 
from the cold side of thermoelectric generator and other proposed system that will use the 
latent heat of vaporization of water to dissipate the heat carried by the heat pipes from the 
cold side of thermoelectric generator with different cogeneration options. The following 
section illustrates the mathematical modelling to predict the sensible heating of water 
over time.  
5.3 Preliminary investigation and mathematical modelling 
This section presents the detailed theoretical analysis of the proposed system for 
thermoelectric power generation using passive water cooling. Incident solar radiation is 
concentrated using the Fresnel lens and directed towards the hot side of the 
thermoelectric generator. An aluminium heat spreader block is attached on the cold side 
of the thermoelectric generator. The evaporator of the heat pipe is embedded in the 
aluminium heat spreader and the condenser of the heat pipe is immersed in the water to 
dissipate the heat from the cold side to maintain the temperature difference between the 
hot and cold side of the thermoelectric generator. The water tank is insulated such that the 
heat dissipated from the thermoelectric generator cold side can be scavenged and stored 
in the form of hot water that can be used for domestic or industrial application.  
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Figure 87 Schematic of proposed system for thermoelectric power generation using 
passive water cooling 
Incident solar radiation is concentrated using a Fresnel lens and directed 
towards the target heat spreader plate. The amount of heat reaching the target spreader 
plate depends upon the direct incident solar radiation perpendicular to the surface of the 
Fresnel lens, surface area of the lens and the transmission efficiency of the lens. Equation 
1 and Error! Reference source not found. illustrates the heat reaching the target 
preader plate. 
  ̇     
              5.1  
The specific heat of water is 4200 kJ/kg.K. We assume that the proposed system 
consists of a considerably larger mass of water in the reservoir than the mass of the 
thermoelectric generators and the target heat spreader at the back of the TEG. This way 
we can comfortably neglect the thermal mass of thermoelectric generator and aluminum 
heat spreader in our theoretical calculations.  
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Applying the conservation of energy principle and assuming that the 
thermoelectric generator, cold side spreader and the middle section of the heat pipe are 
well insulated and there are no heat losses from these sections we can write the energy 
balance as  
  ̇    ̇    ̇   ̇      5.2  
Here    is heat reaching the hot side of thermoelectric generator,    is the 
sensible heat absorbed by the water in the tank,    is the heat lost from the water tank and 
 ̇      is the heat lost from the target of a solar concentrator. However since this analysis 
is for the indoor lab based test setup and as shown in figure 3, the heater and heat 
spreader will be insulated. And hence for the following analysis it is assumed that the 
losses from the heater and the heat spreader are negligible and  ̇      is not considered in 
the further equations. For a real case scenario one can consider the convection and 
radiation losses from the target.  
Sensible heat absorbed by the water can be expressed as  
  ̇     
   
  
 5.3  
Heat lost from the water tank can be expressed as  
  ̇             5.4  
Equation 2 can be rewritten as  
  ̇     
   
  
             5.5  
The above equation is a first order, non-homogeneous, linear differential 
equation. Rearranging the above equation, 
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  ̇           
   
  
       5.6  
Solution of the homogeneous part of the equation will be as follows,  
        ̇        5.7  
Rearranging the above equation,  
   
  ̇       
   
 5.8  
Particular solution of the non-homogeneous part of the equation will be as 
follows, 
   
   
  
        5.9  
Rearranging the above equation 
   
  
  
   
   
   5.10  
Solving the above equation  
      
   
   
  5.11  
General solution of the non-homogeneous equation is given by the sum of the 
solution for homogeneous equation and the particular solution for the non-homogeneous 
equation.  
Solving the above equation and combining the equations 
        * 
   
   
 +  [
  ̇       
   
] 5.12  
Here ―C‖ is the constant.  
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Now we can use the initial condition when time is zero.    Is the initial 
temperature of the water when     the temperature of water    will be equal to     
     
  ̇       
   
 5.13  
Rearranging the above equation  
     
  ̇       
   
 5.14  
Substituting the above equation to find the temperature of water 
   [   
  ̇       
   
]    * 
   
   
 +  [
  ̇       
   
] 5.15  
Using this solution of the first order non-homogeneous linear differential 
equation we can predict the transient behaviour of the temperature of water in the tank.  
Once we predict the temperature of water in the tank we can predict the 
temperature of the various locations in the system such as the condenser and evaporator 
of the heat pipe, the cold side of the thermoelectric generator and the hot side of the 
thermoelectric generators.  
All the commercially available thermoelectric generators have a temperature 
limit for the hot side to avoid melting of the solders that are used to connect the 
thermoelectric material with the connector plates as mentioned in the earlier sections. 
Knowing the thermal resistance offered by the natural convection at the surface 
of the heat pipe condenser immersed in the water, we can predict the condenser 
temperature of the heat pipe.  
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              ̇    5.16  
Here,    is the thermal resistance offered by the natural convection over the 
heat pipe condenser surface immersed in water.  
   
 
           
 5.17  
Since the hot water system is open to atmosphere, the temperature of water will 
never go above 100°C. Although for domestic applications, we will prefer to have the 
water temperature maintained at 80°. The natural convection heat transfer coefficient will 
be a function of the surface temperature and water temperature. To simplify the problem 
we can consider the range of the natural convection heat transfer coefficient for the water 
temperature and heat flux we are dealing with and take the average of it to be used for 
general calculations.  
Temperature of the evaporator of the heat pipe can be determined by knowing 
the number of heat pipes used in parallel and the thermal resistance of each heat pipe.  
                    ̇  (
   
   
⁄ ) 5.18  
The evaporator of the heat pipes are embedded in the aluminum heat spreader 
block and thermoelectric generator cold side is attached to the heat spreader block using 
the heat transfer gel. It is worth mentioning that the thermal contact resistance will 
depend upon the surface finish of the contact surfaces as well as the conductivity of the 
thermal gel and the thickness of the thermal gel layer which is proportional to the 
pressure applied to connect the contact surfaces. Overall contact resistance can be 
calculated knowing all the parameters mentioned above. Ignoring any thermal resistance 
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of the aluminum heat spreader block, the temperature of the cold side of the TEG can be 
found from  
              ̇          5.19  
Thermal resistance of each thermoelectric generator can be found from the 
manufacturer’s catalogue. For this research the thermal resistance of the thermoelectric 
generator was measured experimentally and verified with the manufacturer’s catalogue. 
Hot side temperature of the thermoelectric generator is predicted by knowing the thermal 
resistance of each TEG and number of TEG’s being used in parallel.  
        ̇  (
    
    
⁄ ) 5.20  
From the above equations it is evident that the hot side temperature of the 
thermoelectric generator can be varied by changing the number of TEG’s. That means the 
temperature of the hot side of TEG is a function of the heat flux flowing through it.  
Finally the hot side temperature can be expressed in terms of the temperature of 
water by combining the above equations 
5.4 Validation of mathematical modelling 
This section presents an experimental setup and testing method to validate the 
mathematical model presented in the earlier section for predicting the temperature of the 
water in the tank. In the proposed system, the heat source for thermoelectric power 
generation is suggested to be concentrated solar thermal devices such as Fresnel lens to 
achieve the high heat flux required by the thermoelectric generators. To validate the 
mathematical model an indoor testing setup was proposed to avoid the hurdles due to the 
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inconsistent nature of weather in Melbourne, Australia.  The concentrated solar thermal 
heat source was simulated on a small scale for lab testing and validation of the theoretical 
results using electric heaters. 
 
Figure 88 Schematic of indoor testing setup for simulation of concentrated solar heat flux 
for thermoelectric power generation using passive cooling and heat scavenging for 
domestic or industrial water heating 
Indoor experimental setup is designed to accommodate single thermoelectric 
generator (40mm x 40mm) sandwiched between the electric resistive heating plate and 
the cold side base spreader.  Thermoelectric generator has 127 junctions and a maximum 
operating hot side temperature of 300°C. Four heat pipes each having 6mm diameter and 
200mm length are used for heat transfer from the cold side of thermoelectric generator to 
the water tank for this experiment. Evaporator of the heat pipes is embedded inside the 
heat spreader block and the condenser is immersed inside the water in the tank.  An 
acrylic water tank with 450ml of volume is used in this experiment. Thermal paste was 
used to minimize the contact resistance between all the surfaces that are in physical 
contact and are meant to transfer the heat. 
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Figure 89 Picture of heat pipe evaporator embedded in aluminum base spreader and 
condensor inserted in the acrylic water tank 
The above picture shows the heat pipes evaporator embedded in the aluminium 
heat spreader and the condenser inserted in the acrylic tank. The acrylic water tank has a 
volume of 450ml. The heat pipes used in this experiment are 6mm diameter and 200mm 
long micro groove pipes. The wick of the heat pipe is made from 140 strands of copper 
fibers with each fiber being 8 micron in diameter. The numbers of heat pipes were chosen 
considering the diameter of the heat pipe, the size of the thermoelectric generator and the 
heat carrying capacity of each heat pipe. 40mm of the heat pipe is embedded in the 
aluminium heat spreader while 20mm is an adiabatic section, and rest 140mm is the 
condenser inserted inside the acrylic water tank. The condenser length of the heat pipe to 
be immersed inside the water in the acrylic tank is 3.5 times the length of the evaporator. 
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Figure 90 Top view and side view of the whole experimental setup with electric heater, 
thermoelectric generator, heat pipe and water heating tank 
Figure 90 illustrates the small scale lab based experimental setup for 
thermoelectric power generation with passive cooling and consequent water heating. A 
resistive electric heater is embedded in a block of aluminium to simulate the solar 
concentration from the Fresnel lens. A variable voltage transformer is used with a digital 
voltmeter and ammeter to measure the rate of energy input to the heater block. Digital 
voltmeter has a least count of 0.1 Volts and ammeter has a least count of 0.1 Ampere.  K 
type thermocouples were used to measure the temperature at various locations. Open 
circuit voltage from the thermoelectric generator was continuously measured. TEG was 
loaded and the maximum power output was measured for each steady state condition.  An 
Agilent data logger was used to record the transient and steady state data. 
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5.5 Determining the rate of heat loss from the insulated water tank 
The Acrylic water tank used in the experiment is insulated using 15mm thick 
black foam that covers the tank on all the sides. The water surface is insulated using the 
white polystyrene balls as shown in Figure 91. These insulations simulate the conditions 
of the actual hot water storage tank used in conjunction with the conventional water 
heating systems. The variable      (W/K) in equation 5 represents the rate of heat lost 
per unit temperature difference from the specific configuration of the water tank. Primary 
experiments were performed to estimate the     for the water tank used in this 
experiment.  
 
Figure 91 Insulated water tank 
Temperature decay profile with respect to time was recorded for the water tank 
to estimate the     for the water tank in use. Water temperature decay is recorded for 
two configurations, one with insulation on the water surface and one without insulation 
on the water surface. Water in the tank was heated to a certain temperature and the heat 
input then switched off and the water let to cool down to the ambient temperature. 
Equation 5 in the earlier section shows the energy balance with heat input    ̇  , heat 
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absorbed by water   ̇ and the heat lost from the water tank   ̇ . Since the heat input is 
switched off to record the temperature decay, equation 5 can be re written as  
    
   
  
            6.1  
Here 
   
  
 is the slope of the decay of water temperature with time, and    is 
the mass and specific heat of water.         is the difference between the water 
temperature and ambient temperature. 
 
Figure 92 Water temperature decay without insulation on the surface of the water 
Using the equation 21 and 
   
  
 from the above graph, we can estimate the rate 
of heat loss from the water tank per unit temperature difference. The heat input of 60W 
was supplied to the TEG and the system was allowed to reach the steady state condition. 
Once the steady state condition was reached, the heat supply was cut off and the water 
was allowed to cool down to the ambient temperature, while measuring the water 
temperature decay of with respect to time. The average value of     for the water tank 
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after 60W of heating had been applied is 0.88 W/K determined using equation 21 for the 
temperature decay over time.  
Table 3 Values of     with respect to temperature of water    
Water Temperature  
   (°C) 
    (W/°C) 
35 0.76 
40 0.80 
50 0.86 
60 0.91 
70 0.96 
74 0.99 
5.6 Results and discussion 
The thermoelectric generator with the specifications mentioned in Table 4 was 
used for the investigation in this research. Various heat fluxes were applied across the 
thermoelectric generator while maintaining the hot side temperature of the TEG at or 
below 300°C.  
Table 4 Properties of the thermoelectric generator under study  
Properties  Value (unit) 
Number of thermoelectric couples 127 
Length(l) x width(w) x height (h) 40 x 40 x 3 (mm) 
Hot side maximum temperature (Th) 300°C 
Maximum power output @∆T=200°C 5.7W 
Maximum current (ISC) 1.3 A 
Maximum Open Circuit Voltage (VOC) 4.2 V 
Thermal resistance (RTEG)  1.5 °C/W 
Ceramic material  Alumina (Al2 O3) 
The cold side temperature of the thermoelectric generator is dictated by the 
amount of heat flux supplied and the number of heat pipes used to transfer the heat to the 
water tank. Water temperature cannot go above 100°C since the water tank was 
maintained at atmospheric pressure.  
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The amount of heat supplied to the setup was varied from 20W to 80W with 
steps of 20W. Figure 93 shows the predicted water temperature for all the 5 heat input 
conditions.  
 
Figure 93 Transient behaviour of water temperature under various heat inputs and fixed 
“   ” for cooling of water reservoir 
In the above graph it is observed that the predicted thermal equilibrium 
temperature of water is 35°C when the heat input is 20W, 55°C when the heat input is 
40W, 75°C when the heat input is 60W and 95°C when the heat input is 80W with fixed 
rate of water cooling from the tank.  
However in actual setup the value of     will vary with the rate of heat input 
and the water temperature. The value of     is measured for various heat inputs and 
water temperatures for the theoretical prediction of the temperature of water. Figure 94 
illustrates the comparison between the transient behaviour of the predicted and 
experimental water temperature. Estimated steady state temperature for a heat input rate 
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of 20W is 53°C while the experimental steady state water temperature is 49°C. Similarly 
for heat input rate of 40W, 60W and 80W the predicted steady state temperatures were 
68°C, 75°C and 83°C respectively while the measured steady state temperature were 
65°C, 71°C and 79°C respectively.  
All the graphs show good agreement between the predicted and actual values of 
transient temperature rise as well as steady state water temperature.  
 
(a) 
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(b) 
 
 
(c) 
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(d) 
   
Figure 94 Comparison between predicted and experimental results for water temperature 
at different power inputs (a) 20W (12.5kW/m
2
) (b) 40W (25kW/m
2
) (c) 60W (37.5kW/m
2
) 
(d) 80W (50kW/m
2
) 
By knowing the rate of heat loss from the water storage tank we can predict the 
transient and steady state behaviour of the water temperature very closely.  
 
Figure 95 Experimental results for 72W heat input and 450ml of water in the tank with 
type A thermoelectric generator (maximum hot side temperature limited to 150°C) 
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Figure 95 presents the experimental results for the test setup with 72W heat 
input to the single thermoelectric generator with 4 heat pipes to transfer the heat from the 
cold side of the TEG to the water tank containing 450 grams of water. The graph presents 
experimental results for transient behaviour of TEG hot side temperature, TEG cold side 
temperature, TEG open circuit voltage and water temperature. The temperature difference 
between the hot and cold side of the thermoelectric generator is calculated and presented 
on the same graph for comparison. For 72W heat input maximum hot side temperature at 
steady state reaches 154°C while the cold side steady state temperature reaches 94°C. It 
takes approximately 65 minutes for the TEG hot side, TEG cold side and water 
temperature to reach steady state. However it can be clearly seen that the temperature 
difference between the hot side and the cold side of the TEG reaches steady state at 54°C 
in approximately 12 minutes. Open circuit voltage of the thermoelectric generator is a 
direct function of temperature difference and therefore its trend is similar to that of the 
temperature difference. 
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Figure 96 Experimental results for 160W heat input and 450ml of water in the tank with 
type B thermoelectric generator (maximum hot side temperature limited to 250°C) 
Figure 96 illustrates the experimental results for type B thermoelectric generator 
with heat input of 160W. The limiting hot side temperature of type B TEG is 250°C. For 
160W of heat input it can be can be observed that the temperature of the water in the tank 
reaches to 97°C and the open circuit voltage of 4.5V can be achieved. Similar to type A 
TEG with 72W of heat input, the temperature difference between hot side and cold side 
reaches steady state in approximately 11 minutes.   
The total thermal mass (   )  of the thermoelectric cell, aluminium heat 
spreader and the heat pipes together is significantly smaller (1/28th) than the thermal 
mass of the water in the system. Due to this reason the temperature difference between 
the hot side and the cold side of the thermoelectric generator reaches steady state more 
quickly than the steady state of the hot and cold side temperatures itself. We can assume 
the whole system to be in the steady state at any time after the temperature difference 
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reaches its steady state due to the negligible thermal mass of the system components 
compared to the thermal mass of water.  
 
Figure 97 Limiting heat flux for type A and type B thermoelectric generator with non-
conventional passive cooling method 
Limiting heat flux for type A and type B thermoelectric generators with non-
conventional heat sink is illustrates in Figure 97. Type A TEG with allowable hot side 
temperature of 150°C has a limiting heat flux of 45kW/m2 and type B TEG with 
allowable hot side temperature of 250°C has a limiting heat flux of 101.25kW/m
2
.  
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Figure 98 Comparison of Thermoelectric power for two different temperature differences 
between the hot and cold sides 
Figure 98 shows the power generated by thermoelectric generator for ∆T of 
60°C and 150°C. Maximum power generated by the thermoelectric generator in the lab 
setup for 72W heat input and ∆T of 60°C is 1.27 W, whereas that for the heat input of 
160W and ∆T of 150°C is 3.5W.  
5.7 Comparison of limiting heat flux for passive heat sinks and 
designer guidelines 
This section compares all passive heat sinks discussed in this research with each 
other and gives an insight on the usefulness of the derived results for the future designers 
of thermoelectric power generation systems with passive cooling systems.    
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Figure 99 Comparison of theoretical and experimental results of type A thermoelectric 
generator with conventional and non-conventional heat sink  
Figure 99 provided the comparison between theoretical and experimental results 
of type A TEG with conventional and non-conventional heat sinks. Different colour 
coded zones are identified in Figure 99 to classify heat sink technology with the heat flux 
and the modified heat transfer coefficient.   
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Figure 100 Comparison of theoretical and experimental results of type B thermoelectric 
generator with conventional and non-conventional heat sink 
Figure 100 illustrate the comparison of limiting heat flux between the 
theoretical and experimental results of type B TEG for conventional and non-
conventional heat sinks. Figure 99 and Figure 100 consist of the condensed results for all 
the heat sink technologies tested along with two TEG’s in this research. These two graphs 
will provide guidelines for the future designers of thermoelectric power generation 
system using passing cooling technologies. Initial step in designing a small scale stand-
alone thermoelectric power generation system with passive cooling will be to identify the 
energy demand from the system. The type of thermoelectric generator will be selected 
according to the energy demand and the space availability. Depending upon the type of 
TEG the designer can calculate the surface area of TEG’s (target area). The ambient heat 
transfer coefficient can be found from the ambient conditions. Finally knowing the 
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available heat transfer area of the heat sink, designer can select the passive cooling 
method that will be needed for such a system and will also be able to find the limiting 
heat flux and required solar concentration for the desired power generation. 
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Chapter 6 Conclusion and Future work 
This research presents an exhaustive investigation of the passive cooling methods 
for thermoelectric power generation using concentrated solar thermal energy. Two 
commercial thermoelectric generators are tested in this research and the limiting heat flux 
for both the thermoelectric generators are established with various passive heat sink 
configurations. A heat sink configuration with highest limiting heat flux is determined in 
this process and the system for power generation and water heating is proposed using this 
heat sink configuration. 
Heat sink configurations are classified in two categories as conventional heat sink 
and non-conventional heat sink. Conventional heat sinks include bare plate heat sink, 
finned heat sink and heat pipe heat sink. Conventional heat sinks are subjected to air 
velocity of 0m/sec to 5m/sec to simulate the ambient wind conditions in Melbourne, 
Australia. 
6.1 Maximum limiting heat flux 
Theoretical analysis is presented to determine the maximum limiting heat flux for 
the commercial thermoelectric generators that are used in this research. Each of these 
thermoelectric generators (type A and type B) have their own limiting hot side 
temperature and thermal resistance which sets the maximum limit on the heat flux 
irrespective of the cooling medium used on the cold side. This theoretical analysis helps 
to find the maximum limiting heat flux irrespective of cooling method deployed on the 
cold side of thermoelectric generator. New parameter called modified heat transfer 
coefficient is defined in this process. Modified heat transfer coefficient is a product of 
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convection heat transfer coefficient with the ratio of total heat transfer area over the heat 
sink and surface area of thermoelectric generators. In the theoretical analysis this 
parameter is allowed to be varied from 0 to . It can be observed from the theoretical 
analysis that limiting heat flux increases with increase in the modified heat transfer 
coefficient and eventually reaches asymptote which can be claimed as maximum 
theoretical limiting heat flux. 
Type A thermoelectric generator with maximum allowable hot side temperature 
of 150°C has a theoretical maximum limiting heat flux of 68kW/m
2
 whereas type B  
thermoelectric generator with maximum allowable hot side temperature of 250°C has a 
theoretical limiting heat flux of 109 kW/m
2
. 
6.2 Conventional heat sinks 
Initial section of theoretical analysis for passive air cooled heat sink illustrates the 
optimisation of finned heat sink. Fin length and fin gap optimisation is presented in this 
section. It is seen from the theoretical analysis that as the number of fins goes on 
increasing the thermal resistance of the heat sink decreases. Similar trend of decreasing 
thermal resistance is observed with increase in velocity of the air from 0m/sec to 5m/sec. 
For all the velocities it can be observed that there is steep decrease in thermal resistance 
as the number of fins increases from 1 to 4 and then this reduction in the thermal 
resistance drops as the number of fins increases to 8 and then further increase in number 
of fins do not show much improvement in reduction of thermal resistance of heat sink. 
Numbers of fins determines the fin gap which affects the heat transfer coefficient of the 
heat sink and in turn the thermal resistance offered by the heat sink. Fin gap of 10mm is 
determined to be optimum for velocity ranging from 0m/sec to 5m/sec.  
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Fin length is another parameter that plays an important role in performance of the 
heat sink. It can be seen from the optimisation for length of fin that at smaller wind 
speeds there is a significant effect on the thermal resistance of heat sink with increase in 
the length of fin, whereas at higher wind speed this effect decreases drastically. It can be 
concluded from this behaviour that the effect of fin length on the heat sink thermal 
resistance at low wind speed has a dominant effect on choosing the fin length. Focusing 
on the smaller wind speed that has shown a dominant effect on the thermal resistance, it 
can be observed that there is considerable drop in thermal resistance when the fin length 
is increased from 0.01m to 0.1m with no significant change with further increase in the 
fin length. And hence the fin lengths chosen for this research were in variants of 60mm, 
80mm and 100mm.  
It is observed from the theoretical analysis that the maximum heat flux for all heat 
sink configurations keeps on increasing as the ambient wind velocity is increased from 
0m/sec to 5m/sec. Experimental results suggest that bare plate heat sink has a limiting 
heat flux of 4.5kW/m
2
 for type A thermoelectric generator at 0m/sec wind velocity with 
hot side temperature is maintained at 150°C. Limiting heat flux for type B thermoelectric 
generator with hot side temperature of 250°C at 0m/sec wind velocity is 8kW/m
2
. It is 
observed that the with the same heat sink configuration, limiting heat flux increases as 
the wind speed increases to 5m/sec for both the types of thermoelectric generators. This 
is attributed to the increase in the convection heat transfer coefficient due to increase in 
the wind velocity. Limiting heat flux for type A TEG for wind speed of 5m/sec is 
18.125kW/m
2
 while that for type B TEG for wind speed of 5m/sec is 31.19kW/m
2
.  
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Finned heat sink is the second configuration under examination in this research. 
Three different fin lengths are selected to be examined in this research by using the fin 
length and fin gap optimization analysis. Fin gap is maintained constant at 10mm 
between each fin and fin length is changed with variants of 60mm, 80mm and 100mm 
length. Theoretical and experimental results closely match for all fin heat sink 
configuration. 
Using 60mm fin length over the heat sink, type A thermoelectric generator can 
reach an allowable heat flux of 9kW/m
2
 at 0m/sec of wind speed and type B 
thermoelectric generator can reach allowable heat flux of 15.4 kW/m
2
. Increasing the 
wind speed increases the limiting heat flux capacity of both the TEG’s. Type A TEG 
demonstrates the limiting heat flux of 23 kW/m
2
 at 5m/sec of wind velocity and type B 
TEG demonstrates limiting heat flux of 48.9 kW/m
2
 at 5m/sec wind velocity. 
It is observed that as the fin length increases there is rise in the limiting heat flux 
for both TEG’s. This rise in the limiting heat flux is attributed to increase in the surface 
area of the heat sink with longer fin lengths. Using 80mm fin length heat sink type A 
thermoelectric generator reaches the limiting heat flux of 11kW/m
2
 at wind velocity of 
0m/sec while the limiting heat flux for type B thermoelectric generator at 0m/sec wind 
speed is 18.28kW/m
2
. For the same fin length and wind speed of 5m/sec, type A and type 
B TEG’s can reach the limiting heat flux of 25.33 kW/m2 and 50.29 kW/m2 respectively. 
It is observed that using the next fin length variant of 100mm long fin heat sink there is 
not much improvement in the limiting heat flux. This decline in the enhancement of 
limiting heat flux with increase in fin length is attributed to the decreasing fin efficiency 
with increase in fin length that directly affects the convection heat transfer coefficient. 
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For 100mm fin length, type A and type B thermoelectric generator reaches the limiting 
heat flux of 11.7kW/m
2
 and 19.9kW/m
2
 at 0m/sec of wind speed respectively. Similarly 
at wind speed of 5m/sec, type A and type B TEG reaches limiting heat flux of 26kW/m
2
 
and 52.2kW/m
2
 respectively.  
6.3 Non-conventional heat sinks 
An innovative non-conventional approach of passive cooling for thermoelectric 
generator is proposed in the final section of this research which surpasses the heat flux 
limits for the TEG’s under test beyond conventional heat sinks. An innovative system 
proposed in this research consists of a heat pipe evaporator attached to the cold side of 
thermoelectric generator while the heat pipe condenser is immersed in the water stored in 
tank. Using the non-conventional heat sink, type A TEG reaches limiting heat flux of 
45kW/m
2
 whereas type B TEG reaches the limiting heat flux of 101.25kW/m
2
. Single 
type A TEG generates 1.27W power and type B TEG generates 3.5W power. Non-
conventional heat sink thermoelectric power generation system provides with a dual 
functionality of power generation and water heating. 
The results presented in this research are appropriate for the reference of future 
designers of small to medium scale thermoelectric power generation systems using 
passive cooling techniques. The aim of this research to investigate the limiting heat flux 
for commercial thermoelectric generators various conventional and non-conventional 
passive cooling methods has been achieved. With further advances in materials and 
system design for thermoelectric generators, the future of these systems look bright for 
both mainstream and small scale power generation.  
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6.4 Future work 
Incorporation of non-conventional heat sink with thermoelectric generator has 
demonstrated a dual functionality of power generation with water heating for domestic or 
industrial purpose. The secondary function of non-conventional heat sink of water 
heating can be further enhanced to be used for water desalination by having the water 
tank maintained under vacuum. Further work is necessary to explore the possibility of 
using this thermal energy passed on to the water tank for desalination.  
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APPENDIX B Measured and estimated data  
Table 5 & Table 6 provide the detailed data for all the results presented in this thesis.  
Table 5 Results for measurement of thermal resistance of TEG type A 
V I 
Total 
Q in 
Volume  Time 
Mass 
flow rate 
TEG 
Hot 
TEG 
Cold 
Delta 
Tteg 
Water 
in  
Water 
out  
TEG 
Voltage 
TEG 
current 
TEG 
power 
Thermal 
Resistance  
V A W m3 sec kg/sec °C °C °C °C °C V A W °C/W 
55 0.49 26.95 0.0001 113.6364 0.00088 58.6 33.4 25.2 22.5 29.3 0.65 0.31 0.2015 1.002674 
73 0.64 46.72 0.0001 97.56098 0.001025 81.2 38.4 42.8 22.1 31.7 1.13 0.51 0.5763 1.035617 
84 0.74 62.16 0.0001 105.2632 0.00095 102.2 45.3 56.9 23 37.2 1.48 0.66 0.9768 1.004271 
99 0.87 86.13 0.0001 65.78947 0.00152 127.5 47.1 80.4 21.6 34 1.68 0.92 1.5456 1.015644 
107 0.95 101.65 0.0001 74.76636 0.001338 148.9 53.9 95 22.1 38.4 2.04 1 2.04 1.037512 
 
Table 6 Results for measurement of thermal resistance of TEG type B 
V I 
Total 
Q in 
Volume Time 
Mass 
flow rate 
TEG 
Hot 
TEG 
Cold 
Delta 
Tteg 
Water 
in 
Water 
out 
TEG 
Voltage 
TEG 
current 
TEG 
power 
Thermal 
Resistance 
V A W m
3
 sec kg/sec °C °C °C °C °C V A W °C/W 
50 0.45 22.5 0.0001 126.9333 0.000788 50 25 25 22.5 29.3 0.65 0.31 0.2015 1.11 
60 0.65 39 0.0001 103.3846 0.000967 72 29 43 22.1 31.7 1 0.4 0.4 1.10 
80 0.74 59.2 0.0001 100.7432 0.000993 102 33 69 23 37.2 1.48 0.66 0.9768 1.17 
99 0.82 81.18 0.0001 64.15373 0.001559 128 36 92 21.6 34 1.5 0.95 1.425 1.13 
107 0.95 101.65 0.0001 67.34875 0.001485 153 40 113 22.1 38.4 1.98 1.1 2.178 1.11 
118 1.01 119.18 0.0001 64.84309 0.001542 180 43 137 21.87 40.27 2.45 1.18 2.891 1.15 
129 1.1 141.9 0.0001 60.91332 0.001642 210 46 164 21.74 42.32 2.89 1.2 3.468 1.16 
140 1.11 155.4 0.0001 61.51351 0.001626 225 48 177 21.61 44.37 3.1 1.22 3.782 1.14 
150 1.18 177 0.0001 59.17966 0.00169 248 52 196 21.48 46.42 3.18 1.22 3.8796 1.11 
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Table 7 Temperature and heat flux test results for bare plate heat sink with type A TEG 
 
Thot Tcold Tamb ∆Tteg Velocity 
TEG 
Vopen 
Heater 
Voltage 
Heater 
Current 
Heater 
Power 
Heat Flux 
°C °C °C °C m/sec DC V AC V A W kW/m2 
150 142.9 24.8 7.1 0 0.236 43 0.6 25.8 4.03 
150 136 19 14 1 0.58 63 0.9 56.7 8.8 
150 128 24.5 22 2 0.715 71 0.97 68.87 10.7 
150.4 124 27 26.4 3 0.791 76 1.06 80.56 12.5 
150 120.9 27.4 29.1 4 0.921 81 1.14 92.34 14.4 
151.2 118.6 27.3 32.6 5 1.018 87 1.2 104.4 16.3 
 
 
Table 8 Temperature and heat flux test results for bare plate heat sink with type B TEG 
 
 
Thot Tcold Tamb ∆Tteg Velocity 
TEG 
Vopen 
Heater 
Voltage 
Heater 
Current 
Heater 
Power 
Heat Flux 
°C °C °C °C m/sec DC V AC V A W kW/m2 
250 222.8 23.9 27.2 0 0.543 62 0.86 53.32 8.3 
250 211.7 28.1 38.3 1 0.808 82 1.13 92.66 14.4 
250 192 25 58 2 1.123 94 1.29 121.26 18.9 
250 183.4 24.4 66.6 3 1.294 104 1.43 148.72 23.2 
250 174.9 25.3 75.1 4 1.446 114 1.55 176.7 27.6 
250 169.4 23 80.6 5 4.587 121 1.65 199.65 31.1 
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Table 9 Results for DC voltage and current output from type A TEG under varying load condition with bare plate heat sink   
 
Velocity = 0m/s Velocity = 1m/s Velocity = 2m/s Velocity = 3m/s Velocity = 4m/s Velocity = 5m/s 
Voltage  Current Voltage  Current Voltage  Current Voltage  Current Voltage  Current Voltage  Current 
V A V A V A V A V A V A 
0.218 0.009 0.523 0.025 0.633 0.03 0.693 0.032 0.822 0.04 0.904 0.044 
0.208 0.012 0.513 0.029 0.615 0.035 0.679 0.037 0.804 0.046 0.884 0.051 
0.189 0.02 0.498 0.034 0.519 0.041 0.672 0.041 0.782 0.054 0.852 0.064 
0.184 0.022 0.484 0.038 0.573 0.046 0.65 0.048 0.762 0.062 0.839 0.067 
0.172 0.027 0.467 0.045 0.551 0.053 0.633 0.056 0.738 0.072 0.811 0.079 
0.15 0.036 0.455 0.049 0.535 0.058 0.624 0.06 0.721 0.078 0.791 0.086 
0.144 0.039 0.442 0.054 0.52 0.063 0.604 0.065 0.697 0.086 0.77 0.095 
0.133 0.043 0.429 0.059 0.501 0.07 0.587 0.072 0.675 0.095 0.746 0.105 
0.123 0.047 0.409 0.065 0.476 0.078 0.566 0.079 0.645 0.106 0.715 0.118 
0.122 0.053 0.383 0.075 0.445 0.088 0.543 0.089 0.612 0.121 0.673 0.133 
0.111 0.054 0.35 0.087 0.412 0.102 0.513 0.102 0.562 0.139 0.622 0.154 
0.102 0.055 0.331 0.093 0.39 0.109 0.474 0.118 0.531 0.15 0.585 0.165 
0.095 0.057 0.312 0.103 0.36 0.119 0.447 0.127 0.495 0.163 0.546 0.181 
0.088 0.059 0.284 0.112 0.329 0.13 0.417 0.138 0.452 0.179 0.5 0.198 
0.082 0.062 0.249 0.125 0.292 0.145 0.38 0.151 0.398 0.197 0.443 0.22 
0.078 0.063 0.192 0.146 0.223 0.171 0.283 0.187 0.362 0.211 0.399 0.235 
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Table 10 Results for DC voltage and current output from type B TEG under varying load condition with bare plate heat sink   
 
 
 
Velocity = 0m/s Velocity = 1m/s Velocity = 2m/s Velocity = 3m/s Velocity = 4m/s Velocity = 5m/s 
Voltage  Current Voltage  Current Voltage  Current Voltage  Current Voltage  Current Voltage  Current 
V A V A V A V A V A V A 
0.482 0.023 0.727 0.035 0.995 0.048 1.136 0.055 1.285 0.063 1.405 0.069 
0.465 0.028 0.713 0.042 0.964 0.059 1.112 0.065 1.248 0.077 1.375 0.079 
0.458 0.031 0.684 0.051 0.945 0.066 1.088 0.071 1.206 0.091 1.349 0.088 
0.443 0.036 0.654 0.064 0.92 0.075 1.045 0.086 1.152 0.115 1.301 0.107 
0.429 0.041 0.638 0.069 0.904 0.08 1.027 0.092 1.123 0.124 1.255 0.125 
0.417 0.045 0.623 0.076 0.884 0.087 1.009 0.099 1.088 0.135 1.224 0.136 
0.403 0.049 0.6 0.084 0.863 0.094 0.981 0.108 1.051 0.15 1.192 0.148 
0.388 0.054 0.577 0.095 0.842 0.104 0.945 0.118 1.003 0.166 1.149 0.163 
0.372 0.06 0.548 0.108 0.813 0.115 0.919 0.13 0.942 0.187 1.096 0.181 
0.349 0.068 0.505 0.125 0.775 0.128 0.877 0.145 0.905 0.199 1.031 0.205 
0.317 0.078 0.497 0.135 0.73 0.145 0.826 0.164 0.863 0.215 0.947 0.235 
0.3 0.084 0.449 0.148 0.678 0.166 0.757 0.188 0.814 0.232 0.892 0.254 
0.278 0.091 0.413 0.164 0.589 0.196 0.715 0.203 0.759 0.252 0.832 0.276 
0.254 0.1 0.366 0.182 0.54 0.214 0.665 0.22 0.692 0.275 0.76 0.302 
0.224 0.111 0.535 0.185 0.478 0.237 0.501 0.278 0.61 0.304 0.67 0.334 
0.187 0.123 0.309 0.204 0.461 0.241 0.448 0.297 0.593 0.311 0.623 0.345 
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Table 11 Temperature and heat flux test results for 60mm heat sink with type A TEG 
 
Thot Tcold Tamb ∆Tteg Velocity 
TEG 
Vopen 
Heater 
Voltage 
Heater 
Current 
Heater 
Power 
Heat Flux 
°C °C °C °C m/sec DC V AC V A W kW/m2 
150 123 26.3 27 0 0.955 61 0.85 51.85 8.1 
150 110.7 24.1 39.3 1 1.654 78 1.07 83.46 13.0 
150 105.4 24.2 44.6 2 1.854 83 1.18 97.94 15.3 
150 103.2 24 46.8 3 2.019 90 1.24 111.6 17.4 
150 99.8 23.9 50.2 4 2.118 94 1.32 124.08 19.3 
150 98.1 23.9 51.9 5 2.23 100 1.37 137 21.4 
 
Table 12 Temperature and heat flux test results for 60mm heat sink with type B TEG 
 
Thot Tcold Tamb ∆Tteg Velocity 
TEG 
Vopen 
Heater 
Voltage 
Heater 
Current 
Heater 
Power 
Heat Flux 
°C °C °C °C m/sec DC V AC V A W kW/m
2 
250 196 23.9 54 0 1.315 84 1.17 98.28 15.3 
250 172.5 24.1 77.5 1 1.888 109 1.5 163.5 25.5 
250 159 21.6 91 2 2.229 126 1.73 217.98 34.0 
250 150.8 21.9 99.2 3 2.431 135 1.84 248.4 38.8 
250 144 22.2 106 4 2.612 144 1.96 282.24 44.1 
250 138.6 21.9 111.4 5 2.748 152 2.06 313.12 48.9 
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Table 13 Results for DC voltage and current output from type A TEG under varying load condition with 60mm heat sink   
 
 
 
Velocity = 0m/s Velocity = 1m/s Velocity = 2m/s Velocity = 3m/s Velocity = 4m/s Velocity = 5m/s 
Voltage  Current Voltage  Current Voltage  Current Voltage  Current Voltage  Current Voltage  Current 
V A V A V A V A V A V A 
0.855 0.041 1.471 0.072 1.659 0.081 1.791 0.088 1.887 0.095 1.982 0.098 
0.835 0.048 1.435 0.083 1.615 0.1 1.752 0.103 1.851 0.107 1.945 0.114 
0.805 0.059 1.382 0.105 1.566 0.119 1.681 0.128 1.798 0.127 1.868 0.142 
0.77 0.075 1.32 0.132 1.518 0.139 1.601 0.159 1.695 0.168 1.843 0.152 
0.751 0.082 1.259 0.156 1.49 0.148 1.563 0.173 1.655 0.182 1.782 0.178 
0.723 0.089 1.217 0.173 1.458 0.161 1.54 0.18 1.606 0.199 1.745 0.192 
0.701 0.098 1.165 0.193 1.418 0.177 1.516 0.188 1.553 0.22 1.694 0.211 
0.669 0.11 1.097 0.218 1.369 0.194 1.463 0.208 1.49 0.246 1.637 0.232 
0.632 0.124 1.013 0.252 1.3312 0.218 1.399 0.232 1.402 0.279 1.564 0.259 
0.59 0.144 0.956 0.272 1.235 0.246 1.319 0.262 1.291 0.322 1.475 0.294 
0.58 0.155 0.89 0.295 1.139 0.283 1.212 0.302 1.22 0.347 1.361 0.338 
0.56 0.17 0.816 0.325 1.076 0.306 1.146 0.326 1.138 0.379 1.285 0.365 
0.53 0.206 0.723 0.36 1.004 0.333 1.067 0.354 1.04 0.415 1.199 0.398 
0.415 0.218 0.703 0.368 0.914 0.365 0.974 0.388 0.991 0.429 1.097 0.437 
0.403 0.225 0.68 0.376 0.765 0.424 0.865 0.431 0.918 0.457 0.972 0.485 
0.391 0.23 0.633 0.395 0.731 0.429 0.81 0.448 0.861 0.476 0.883 0.518 
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Table 14 Results for DC voltage and current output from type B TEG under varying load condition with 60mm heat sink   
 
 
 
Velocity = 0m/s Velocity = 1m/s Velocity = 2m/s Velocity = 3m/s Velocity = 4m/s Velocity = 5m/s 
Voltage  Current Voltage  Current Voltage  Current Voltage  Current Voltage  Current Voltage  Current 
V A V A V A V A V A V A 
1.178 0.057 1.704 0.084 2.024 0.1 2.198 0.108 2.366 0.117 2.487 0.123 
1.155 0.066 1.649 0.108 1.991 0.116 2.159 0.126 2.322 0.135 2.441 0.143 
1.147 0.07 1.617 0.123 1.96 0.129 2.107 0.149 2.248 0.151 2.378 0.168 
1.125 0.079 1.548 0.153 1.901 0.157 2.059 0.17 2.214 0.183 2.292 0.207 
1.114 0.085 1.512 0.168 1.806 0.199 1.889 0.198 2.147 0.214 2.252 0.224 
1.097 0.09 1.475 0.183 1.763 0.219 1.958 0.216 2.101 0.232 2.207 0.244 
1.066 0.104 1.427 0.202 1.712 0.244 1.911 0.238 2.047 0.255 2.153 0.268 
1.035 0.114 1.37 0.227 1.643 0.272 1.853 0.263 1.984 0.282 2.084 0.296 
1.005 0.124 1.32 0.25 1.559 0.31 1.782 0.296 1.908 0.316 2.003 0.332 
0.972 0.138 1.3 0.285 1.504 0.333 1.692 0.337 1.808 0.36 1.901 0.379 
0.931 0.154 1.25 0.299 1.445 0.36 1.572 0.392 1.68 0.418 1.761 0.441 
0.879 0.175 1.2 0.33 1.374 0.391 1.495 0.426 1.598 0.455 1.679 0.478 
0.811 0.201 1.1 0.37 1.289 0.428 1.404 0.467 1.501 0.499 1.577 0.525 
0.72 0.238 1.04 0.41 1.188 0.474 1.296 0.517 1.383 0.552 1.455 0.58 
0.585 0.291 1 0.45 1.118 0.507 1.16 0.578 1.24 0.619 1.303 0.65 
0.532 0.312 0.824 0.455 1.004 0.556 1.093 0.605 1.172 0.65 1.112 0.741 
 
 
 
 
 172 
Table 15 Temperature and heat flux test results for 80mm heat sink with type A TEG 
 
 
Thot Tcold Tamb ∆Tteg Velocity 
TEG 
Vopen 
Heater 
Voltage 
Heater 
Current 
Heater 
Power 
Heat Flux 
°C °C °C °C m/sec DC V AC V A W kW/m
2 
150 115 25.2 35 0 1.321 70 0.93 65.1 10.1 
150 97.1 21.8 52.9 1 1.892 83 1.1 91.3 14.2 
150 92.2 22.4 57.8 2 2.005 89 1.19 105.91 16.5 
150 90.5 23.5 59.5 3 2.138 95 1.26 119.7 18.7 
150 87.2 23.7 62.8 4 2.276 99 1.34 132.66 20.7 
150 84.8 23.9 65.2 5 2.322 105 1.39 145.95 22.8 
 
 
Table 16 Temperature and heat flux test results for 80mm heat sink with type B TEG 
 
 
Thot Tcold Tamb ∆Tteg Velocity 
TEG 
Vopen 
Heater 
Voltage 
Heater 
Current 
Heater 
Power 
Heat Flux 
°C °C °C °C m/sec DC V AC V A W kW/m
2 
250 187.5 24.1 62.5 0 1.531 92 1.26 115.92 18.1 
250 162.8 20.9 87.2 1 2.286 118 1.62 191.16 29.8 
250 154.5 21.1 95.5 2 2.491 128 1.75 224 35 
250 147.9 21.6 102.1 3 2.65 137 1.87 256.19 40.0 
250 142.3 21.6 107.7 4 2.804 147 2 294 45.9 
250 137.7 22.2 112.3 5 2.912 154 2.09 321.86 50.2 
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Table 17 Results for DC voltage and current output from type A TEG under varying load condition with 80mm heat sink   
 
 
 
Velocity = 0m/s Velocity = 1m/s Velocity = 2m/s Velocity = 3m/s Velocity = 4m/s Velocity = 5m/s 
Voltage  Current Voltage  Current Voltage  Current Voltage  Current Voltage  Current Voltage  Current 
V A V A V A V A V A V A 
1.175 0.062 1.642 0.081 1.768 0.087 1.838 0.09 1.964 0.097 2.044 0.101 
1.147 0.071 1.605 0.093 1.74 0.102 1.807 0.105 1.927 0.112 2 0.116 
1.115 0.08 1.561 0.111 1.693 0.12 1.792 0.112 1.874 0.132 1.964 0.129 
1.081 0.09 1.495 0.135 1.653 0.136 1.757 0.124 1.808 0.162 1.895 0.156 
1.045 0.113 1.466 0.145 1.598 0.158 1.74 0.133 1.764 0.176 1.832 0.182 
1.019 0.121 1.433 0.158 1.562 0.172 1.693 1.52 1.725 0.191 1.791 0.198 
0.987 0.132 1.393 0.174 1.521 0.189 1.664 0.165 1.675 0.208 1.743 0.217 
0.955 0.145 1.348 0.191 1.472 0.21 1.629 0.179 1.618 0.23 1.686 0.239 
0.911 0.162 1.289 0.213 1.409 0.2333 1.588 0.197 1.547 0.256 1.612 0.267 
0.875 0.184 1.218 0.242 1.329 0.264 1.533 0.218 1.457 0.29 1.524 0.303 
0.76 0.212 1.123 0.279 1.227 0.305 1.47 0.244 1.343 0.334 1.405 0.35 
0.72 0.228 1.063 0.302 1.168 0.331 1.387 0.276 1.273 0.362 1.328 0.378 
0.65 0.249 0.994 0.329 1.088 0.36 1.282 0.319 1.187 0.394 1.241 0.412 
0.6 0.273 0.88 0.353 0.993 0.396 1.136 0.378 1.086 0.433 1.135 0.453 
0.54 0.302 0.808 0.402 0.885 0.44 0.925 0.46 0.963 0.48 1.005 0.501 
0.51 0.321 0.783 0.41 0.856 0.449 0.865 0.497 0.933 0.49 0.973 0.511 
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Table 18 Results for DC voltage and current output from type B TEG under varying load condition with 80mm heat sink   
 
 
 
Velocity = 0m/s Velocity = 1m/s Velocity = 2m/s Velocity = 3m/s Velocity = 4m/s Velocity = 5m/s 
Voltage  Current Voltage  Current Voltage  Current Voltage  Current Voltage  Current Voltage  Current 
V A V A V A V A V A V A 
1.383 0.068 2.119 0.104 2.271 0.113 2.402 0.119 2.528 0.125 2.66 0.131 
1.36 0.078 2.077 0.121 2.226 0.129 2.36 0.137 2.482 0.145 2.612 0.152 
1.326 0.093 2.024 0.143 2.171 0.155 2.324 0.154 2.423 0.172 2.572 0.171 
1.288 0.115 1.947 0.176 2.12 0.179 2.251 0.186 2.333 0.211 2.518 0.192 
1.255 0.125 1.875 0.207 2.007 0.203 2.181 0.217 2.292 0.228 2.45 0.221 
1.23 0.135 1.828 0.227 1.958 0.222 2.135 0.236 2.248 0.248 2.408 0.239 
1.2 0.148 1.772 0.253 1.895 0.243 2.081 0.259 2.192 0.273 2.358 0.26 
1.165 0.165 1.701 0.282 1.818 0.269 2.018 0.287 2.125 0.302 2.3 0.285 
1.115 0.185 1.613 0.321 1.725 0.302 1.938 0.321 2.038 0.338 2.229 0.317 
1.056 0.211 1.556 0.345 1.725 0.344 1.835 0.366 1.931 0.385 2.141 0.356 
0.978 0.243 1.496 0.372 1.596 0.398 1.699 0.423 1.79 0.446 2.026 0.404 
0.926 0.263 1.421 0.405 1.519 0.433 1.614 0.46 1.698 0.483 1.878 0.468 
0.868 0.287 1.334 0.443 1.423 0.474 1.511 0.503 1.592 0.529 1.779 0.507 
0.8 0.318 1.124 0.488 1.309 0.522 1.39 0.554 1.464 0.584 1.668 0.554 
0.713 0.356 1.092 0.545 1.166 0.582 1.239 0.618 1.341 0.629 1.524 0.609 
0.672 0.372 1.03 0.57 1.098 0.608 1.13 0.663 1.195 0.702 1.36 0.678 
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Table 19 Temperature and heat flux test results for 100mm heat sink with type A TEG 
 
Thot Tcold Tamb ∆Tteg Velocity 
TEG 
Vopen 
Heater 
Voltage 
Heater 
Current 
Heater 
Power 
Heat Flux 
°C °C °C °C m/sec DC V AC V A W kW/m
2 
150 113.4 25 36.6 0 1.432 70 0.97 67.9 10.6 
150 94 20.8 56 1 1.841 83 1.14 94.62 14.7 
150 90.2 20.9 59.8 2 1.953 90 1.23 110.7 17.2 
150 86.6 23.5 63.4 3 2.053 95 1.3 123.5 19.2 
150 83.5 22.2 66.5 4 2.195 100 1.36 136 21.2 
150 80.8 22.4 69.2 5 2.271 105 1.43 150.15 23.4 
 
Table 20 Temperature and heat flux test results for 100mm heat sink with type B TEG 
 
 
Thot Tcold Tamb ∆Tteg Velocity 
TEG 
Vopen 
Heater 
Voltage 
Heater 
Current 
Heater 
Power 
Heat Flux 
°C °C °C °C m/sec DC V AC V A W kW/m
2 
250 184.5 21.8 65.5 0 1.616 96 1.33 127.68 19.9 
250 159.2 19.4 90.8 1 2.344 118 1.68 198.24 30.9 
250 152.4 23.2 97.6 2 2.518 131 1.79 234.49 36.6 
250 145.7 23.6 104.3 3 2.669 140 1.89 264.6 41.3 
250 140.6 24.2 109.4 4 2.807 148 2.01 297.48 46.4 
250 135.4 24.4 114.6 5 2.956 157 2.13 334.41 52.2 
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Table 21 Results for DC voltage and current output from type A TEG under varying load condition with 100mm heat sink   
 
 
 
Velocity = 0m/s Velocity = 1m/s Velocity = 2m/s Velocity = 3m/s Velocity = 4m/s Velocity = 5m/s 
Voltage  Current Voltage  Current Voltage  Current Voltage  Current Voltage  Current Voltage  Current 
V A V A V A V A V A V A 
1.268 0.062 1.988 0.083 1.835 0.09 1.915 0.094 2.026 0.1 2.07 0.102 
1.242 0.071 1.954 0.096 1.799 0.104 1.876 0.109 1.988 0.115 2.029 0.118 
1.22 0.08 1.591 0.121 1.75 0.124 1.825 0.129 1.951 0.129 1.979 0.14 
1.19 0.09 1.516 0.151 1.695 0.14 1.753 0.158 1.908 0.145 1.961 0.149 
1.135 0.113 1.479 0.163 1.639 0.162 1.721 0.171 1.851 0.167 1.911 0.172 
1.099 0.121 1.437 0.179 1.601 0.177 1.679 0.185 1.817 0.181 1.879 0.185 
1.065 0.132 1.385 0.196 1.559 0.193 1.632 0.203 1.776 0.196 1.827 0.202 
1.029 0.145 1.325 0.219 1.504 0.214 1.579 0.224 1.727 0.215 1.776 0.221 
0.983 0.162 1.247 0.248 1.441 0.239 1.509 0.251 1.666 0.236 1.719 0.244 
0.927 0.184 1.148 0.285 1.359 0.271 1.424 0.283 1.594 0.264 1.647 0.273 
0.855 0.212 1.134 0.282 1.253 0.312 1.315 0.327 1.504 0.299 1.556 0.311 
0.803 0.228 1.077 0.306 1.184 0.337 1.243 0.354 1.385 0.345 1.433 0.357 
0.752 0.249 1.008 0.335 1.105 0.367 1.16 0.385 1.312 0.374 1.358 0.387 
0.685 0.273 0.925 0.368 1.013 0.403 1.059 0.422 1.225 0.407 1.268 0.422 
0.611 0.302 0.823 0.411 0.897 0.447 0.938 0.468 1.12 0.448 1.16 0.464 
0.55 0.321 0.75 0.44 0.867 0.454 0.883 0.488 0.933 0.517 0.997 0.522 
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Table 22 Results for DC voltage and current output from type B TEG under varying load condition with 100mm heat sink   
 
 
 
Velocity = 0m/s Velocity = 1m/s Velocity = 2m/s Velocity = 3m/s Velocity = 4m/s Velocity = 5m/s 
Voltage  Current Voltage  Current Voltage  Current Voltage  Current Voltage  Current Voltage  Current 
V A V A V A V A V A V A 
1.467 0.072 2.08 0.102 2.258 0.111 2.405 0.119 2.543 0.126 2.632 0.136 
1.44 0.083 2.045 0.119 2.217 0.13 2.362 0.137 2.5 0.146 2.585 0.151 
1.418 0.093 1.977 0.152 2.164 0.153 2.323 0.153 2.418 0.185 2.522 0.179 
1.374 0.114 1.926 0.174 2.085 0.188 2.278 0.174 2.355 0.213 2.465 0.204 
1.33 0.132 1.891 0.188 2.048 0.202 2.221 0.2 2.273 0.251 2.391 0.238 
1.303 0.143 1.854 0.205 2.006 0.222 2.144 0.237 2.219 0.276 2.345 0.259 
1.27 0.157 1.811 0.225 1.959 0.243 2.089 0.259 2.156 0.307 2.291 0.285 
1.231 0.175 1.754 0.249 1.9 0.27 2.028 0.287 2.076 0.345 2.227 0.317 
1.181 0.195 1.685 0.28 1.826 0.303 1.952 0.324 1.975 0.393 2.144 0.356 
1.118 0.223 1.604 0.319 1.735 0.346 1.853 0.369 1.837 0.458 2.035 0.406 
1.035 0.257 1.492 0.372 1.613 0.402 1.725 0.431 1.751 0.5 1.895 0.472 
0.983 0.278 1.422 0.404 1.533 0.437 1.639 0.467 1.645 0.548 1.805 0.514 
0.921 0.306 1.334 0.444 1.44 0.478 1.543 0.513 1.574 0.581 1.698 0.564 
0.848 0.337 1.232 0.491 1.327 0.549 1.423 0.567 1.518 0.605 1.567 0.625 
0.758 0.378 1.104 0.551 1.187 0.58 1.273 0.636 1.362 0.679 1.407 0.702 
0.715 0.396 1.03 0.57 1.098 0.608 1.13 0.663 1.195 0.702 1.36 0.678 
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Table 23 Temperature and heat flux test results for heat pipe heat sink with type A TEG 
 
 
Thot Tcold Tamb ∆Tteg Velocity 
TEG 
Vopen 
Heater 
Voltage 
Heater 
Current 
Heater 
Power 
Heat Flux 
°C °C °C °C m/sec DC V AC V A W kW/m
2 
150 42.4 19.7 96.2 1 4.246 77 0.68 52.36 32.7 
150 40.2 19.2 95.1 2 4.352 78 0.7 54.6 34.1 
150 38.9 19.2 94.45 3 4.406 81 0.72 58.32 36.4 
150 38 18.9 94 4 4.45 83 0.74 61.42 38.3 
150 37.8 19 93.9 5 4.88 85 0.76 64.6 40.3 
 
 
Table 24 Temperature and heat flux test results for heat pipe heat sink with type B TEG 
 
 
 
Thot Tcold Tamb ∆Tteg Velocity 
TEG 
Vopen 
Heater 
Voltage 
Heater 
Current 
Heater 
Power 
Heat Flux 
°C °C °C °C m/sec DC V AC V A W kW/m
2 
250 62.8 21 1 4.66 103 0.92 94.76 59.225 9.2 
250 58 21 2 4.68 108 0.95 102.6 64.125 10.03 
250 55.3 21.1 3 4.706 113 1 113 70.625 11.03 
250 54 20.6 4 4.758 115 1.02 117.3 73.3125 11.4 
250 52.9 21 5 4.801 117 1.05 122.85 76.78125 11.9 
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Table 25 Results for DC voltage and current output from type A TEG under varying load condition with heat pipe heat sink   
 
 
 
Velocity = 1m/s Velocity = 2m/s Velocity = 3m/s Velocity = 4m/s Velocity = 5m/s 
Voltage  Current Voltage  Current Voltage  Current Voltage  Current Voltage  Current 
V A V A V A V A V A 
3.784 0.187 3.787 0.188 3.801 0.188 3.877 0.192 3.89 0.193 
3.687 0.215 3.703 0.216 3.705 0.246 3.771 0.22 3.797 0.222 
3.618 0.239 3.631 0.241 3.528 0.269 3.677 0.244 3.719 0.246 
3.479 0.287 3.492 0.289 3.394 0.305 3.572 0.273 3.62 0.277 
3.347 0.333 3.358 0.334 3.284 0.326 3.448 0.312 3.5 0.318 
3.245 0.38 3.227 0.378 3.142 0.367 3.275 0.362 3.335 0.366 
3.147 0.419 3.117 0.414 3.027 0.401 3.168 0.394 3.191 0.397 
3.005 0.461 2.98 0.456 2.918 0.447 3.043 0.432 3.07 0.437 
2.932 0.487 2.822 0.511 2.765 0.501 2.918 0.484 2.944 0.488 
2.852 0.517 2.723 0.543 2.615 0.579 2.743 0.545 2.794 0.557 
2.759 0.55 2.616 0.579 2.386 0.682 2.56 0.639 2.586 0.644 
2.653 0.588 2.495 0.622 2.249 0.747 2.438 0.694 2.459 0.7 
2.403 0.686 2.354 0.671 2.072 0.824 2.281 0.758 2.304 0.767 
2.25 0.748 2.028 0.808 1.846 0.921 2.139 0.82 2.122 0.847 
2.06 0.821 1.803 0.899 1.734 0.962 1.967 0.89 1.905 0.95 
1.833 0.921 1.705 0.892 1.644 0.965 1.865 0.928 1.8 0.997 
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Table 26 Results for DC voltage and current output from type B TEG under varying load condition with heat pipe heat sink   
 
 
 
Velocity = 1m/s Velocity = 2m/s Velocity = 3m/s Velocity = 4m/s Velocity = 5m/s 
Voltage  Current Voltage  Current Voltage  Current Voltage  Current Voltage  Current 
V A V A V A V A V A 
4.082 0.2 4.2 0.208 4.17 0.207 4.25 0.209 4.31 0.211 
3.989 0.23 4.115 0.241 4.074 0.238 4.154 0.24 4.214 0.242 
3.912 0.259 3.991 0.283 4.007 0.266 4.087 0.268 4.147 0.27 
3.813 0.292 3.887 0.322 3.862 0.32 3.942 0.322 4.002 0.324 
3.698 0.335 3.749 0.373 3.635 0.402 3.715 0.404 3.775 0.406 
3.549 0.393 3.657 0.405 3.529 0.44 3.609 0.442 3.669 0.444 
3.451 0.43 3.552 0.443 3.401 0.484 3.481 0.486 3.541 0.488 
3.335 0.475 3.422 0.487 3.241 0.539 3.321 0.541 3.381 0.543 
3.191 0.53 3.263 0.542 3.039 0.605 3.119 0.607 3.179 0.609 
3.003 0.599 3.065 0.612 2.916 0.646 2.996 0.648 3.056 0.65 
2.89 0.64 2.946 0.653 2.776 0.692 2.856 0.694 2.916 0.696 
2.762 0.689 2.811 0.702 2.618 0.747 2.698 0.749 2.758 0.751 
2.447 0.814 2.658 0.758 2.435 0.81 2.515 0.812 2.575 0.814 
2.238 0.894 2.481 0.826 2.237 0.893 2.317 0.895 2.377 0.897 
2.15 0.932 2.275 0.908 2.134 0.926 2.214 0.928 2.274 0.93 
2.026 0.963 2.132 0.968 2.186 0.932 2.266 0.934 2.326 0.936 
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APPENDIX C Uncertainty analysis  
All the scientific measurements must be assigned with an uncertainty. Manfred Drosg 
defines uncertainty as the non-assurance of the relevant scientific quantity. In the field of 
engineering, the uncertainty or a margin of error of an instrument is stated by giving a 
range of values or the best estimate likely to enclose the true value. 
Absolute uncertainty refers to the actual possible deviation of the measured quantity, 
whereas the relative uncertainty is a ratio of absolute uncertainty and measured quantity. 
Relative uncertainty gives us a measure of the percentage deviation of measured quantity 
from the real quantity 
If the data value x has an absolute uncertainty of ∆x, then we can find the relative 
uncertainty by dividing ∆x by x which will be a dimensionless quantity represented by 
symbol    
      ⁄  
Absolute uncertainty cannot be used for comparisons of measurement of same physical 
quantity for different applications having varying magnitudes. And hence it is important 
to illustrate the relative uncertainties to be comparable.  
Defining uncertainty of a basic quantity is simple. However while dealing with the 
derived quantities the total uncertainty is calculated using the law of propagation of 
uncertainties.  
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APPENDIX D Uncertainty analysis of thermal resistance 
measurement of TEG 
Table 31 & Table 32 show all the measured parameters for evaluating thermal resistance 
of the thermoelectric generators. Experimental setup as described in chapter 4 is used to 
measure the thermal resistance of both the TEG’s used in this research. Electric heater is 
used as a heat source to heat the hot side of TEG and a micro channel heat sink is used to 
extract the heat from the cold side. Relative uncertainty in measurement of the AC 
voltage using the standard multi-meter is ±1%, whereas relative uncertainty for 
measurement of current using the standard multi-meter is ±1.50%.  
Heat dissipated from the heat sink is calculated using the mass flow rate of water and the 
temperature difference between the outlet and inlet of water. Mass flow rate of water 
determined from the volume flow rate and the density of water. Volume flow rate of 
water is measured using the measuring flask and stop watch. Relative uncertainty of the 
visual inspection of volume measurement is ±2%. Relative uncertainty in measurement of 
time using a standard stop watch is +/-3.0% up to 10sec, there after ±1.5%. 
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Table 27 Uncertainty in the volume flow rate for testing of TEG type A thermal resistance 
calculation 
 
Absolute 
uncertainty 
Absolute 
uncertainty 
Absolute 
uncertainty 
Relative 
Uncertainty 
±2% ±1.5% ±∆ ̇ ±∆ ̇/V 
∆V (m3) ∆t (sec) (m3/sec) % 
0.000002 1.7045455 2.2E-08 0.02 
0.000002 1.4634146 2.563E-08 0.03 
0.000002 1.5789474 2.375E-08 0.02 
0.000002 0.9868421 3.8E-08 0.04 
0.000002 1.1214953 3.344E-08 0.03 
 
 
Table 28 Uncertainty in the volume flow rate for testing of TEG type B thermal resistance 
calculation 
 
Absolute 
uncertainty 
Absolute 
uncertainty 
Absolute 
uncertainty 
Relative 
Uncertainty 
±2% ±1.5% ±∆V ±∆V/V 
∆V (m3) ∆t (sec) (m3/sec) % 
0.000002 1.904 1.97E-08 0.02 
0.000002 1.5507692 2.418E-08 0.02 
0.000002 1.5111486 2.482E-08 0.02 
0.000002 0.962306 3.897E-08 0.04 
0.000002 1.0102312 3.712E-08 0.04 
0.000002 0.9726464 3.855E-08 0.04 
0.000002 0.9136998 1.97E-08 0.02 
0.000002 0.9227027 2.418E-08 0.02 
0.000002 0.8876949 2.482E-08 0.02 
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Table 29 Uncertainty in the mass flow rate for testing of TEG type A thermal resistance 
calculation 
Absolute 
uncertainty 
Relative 
Uncertainty 
±∆ ̇ ±∆ ̇/m 
(kg/sec) % 
1.32E-05 0.02 
1.538E-05 0.02 
1.425E-05 0.02 
2.281E-05 0.02 
2.007E-05 0.02 
 
Table 30 Uncertainty in the mass flow rate for testing of TEG type A thermal resistance 
calculation 
 
Absolute 
uncertainty 
Relative 
Uncertainty 
±∆ ̇ ±∆ ̇/m 
(kg/sec) % 
1.182E-05 0.02 
1.451E-05 0.02 
1.489E-05 0.02 
2.339E-05 0.02 
2.228E-05 0.02 
2.314E-05 0.02 
2.463E-05 0.02 
2.439E-05 0.02 
2.536E-05 0.02 
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Table 31 Parameters for thermal resistance measurement of type B thermoelectric generator 
V I 
Total 
heat  
input 
Volume Time 
Mass 
flow rate 
TEG Hot 
temp. 
TEG 
Cold 
temp. 
Delta 
temp. 
Water in 
temp. 
Water 
out 
temp. 
TEG 
Voltage 
TEG 
current 
TEG 
power 
TEG 
tthermal 
resistance 
V A W m
3 
sec kg/sec °C °C °C °C °C V A W °C/W 
55 0.49 26.95 0.0001 113.6364 0.00088 58.6 33.4 25.2 22.5 29.3 0.65 0.31 0.2015 1.002674 
73 0.64 46.72 0.0001 97.56098 0.001025 81.2 38.4 42.8 22.1 31.7 1.13 0.51 0.5763 1.035617 
84 0.74 62.16 0.0001 105.2632 0.00095 102.2 45.3 56.9 23 37.2 1.48 0.66 0.9768 1.004271 
99 0.87 86.13 0.0001 65.78947 0.00152 127.5 47.1 80.4 21.6 34 1.68 0.92 1.5456 1.015644 
107 0.95 101.65 0.0001 74.76636 0.001338 148.9 53.9 95 22.1 38.4 2.04 1 2.04 1.037512 
 
Table 32 Parameters for thermal resistance measurement of type B thermoelectric generator 
 
V I 
Total 
heat  
input 
Volume Time 
Mass 
flow rate 
TEG Hot 
temp. 
TEG 
Cold 
temp. 
Delta 
temp. 
Water in 
temp. 
Water 
out 
temp. 
TEG 
Voltage 
TEG 
current 
TEG 
power 
TEG 
tthermal 
resistance 
V A W m
3 
sec kg/sec °C °C °C °C °C V A W °C/W 
50 0.45 22.5 0.0001 126.9333 0.000788 50 25 25 22.5 29.3 0.65 0.31 0.2015 1.111111 
60 0.65 39 0.0001 103.3846 0.000967 72 29 43 22.1 31.7 1 0.4 0.4 1.102564 
80 0.74 59.2 0.0001 100.7432 0.000993 102 33 69 23 37.2 1.48 0.66 0.9768 1.165541 
99 0.82 81.18 0.0001 64.15373 0.001559 128 36 92 21.6 34 1.5 0.95 1.425 1.133284 
107 0.95 101.65 0.0001 67.34875 0.001485 153 40 113 22.1 38.4 1.98 1.1 2.178 1.111658 
118 1.01 119.18 0.0001 64.84309 0.001542 180 43 137 21.87 40.27 2.45 1.18 2.891 1.149522 
129 1.1 141.9 0.0001 60.91332 0.001642 210 46 164 21.74 42.32 2.89 1.2 3.468 1.155743 
140 1.11 155.4 0.0001 61.51351 0.001626 225 48 177 21.61 44.37 3.1 1.22 3.782 1.138996 
150 1.18 177 0.0001 59.17966 0.00169 248 52 196 21.48 46.42 3.18 1.22 3.8796 1.107345 
 186 
Thermal resistance of TEG derived from the ration of temperature difference between the 
hot and cold side of TEG and the heat flowing through the TEG. Temperature on the hot 
and cold side of TEG is measured using the k-type thermocouple that has an absolute 
uncertainty of ±1°C while the heat flowing through the TEG is considered equal to the 
heat extracted by the micro channel water cooled heat sink.  
Relative uncertainty of thermal resistance of the TEG is given as follows, 
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Relative and absolute uncertainty in the measurement of the thermal resistance of the 
thermoelectric generator is condensed in Table 33.  
Table 33 Absolute and relative uncertainty in the measurement of thermal resistance for 
type A thermoelectric generator 
 
Absolute 
uncertainty 
Relative 
uncertainty  
∆R ∆R/R 
R(°C/W) % 
0.1547695 15.435673 
0.1135482 10.964303 
0.0770951 7.6767202 
0.0866776 8.5342493 
0.0695952 6.707897 
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Table 34 Absolute and relative uncertainty in the measurement of thermal resistance for 
type B thermoelectric generator 
Absolute 
uncertainty 
Relative 
uncertainty  
∆R ∆R/R 
R(°C/W) % 
0.171599 15.44387 
0.120863 10.96199 
0.088722 7.612078 
0.096474 8.512808 
0.074299 6.683636 
0.069277 6.026579 
0.063548 5.498411 
0.057936 5.086606 
0.052628 4.752619 
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APPENDIX E Uncertainty measurement for conventional 
passive heat sinks  
 
Relative uncertainty in measurement of the AC voltage using the standard multi-meter is 
±1%, whereas relative uncertainty for measurement of AC current using the standard 
multi-meter is ±1.50%.  L is the length and W is the width of the target area where the 
thermoelectric generators are subjected to high heat flux. Length and width of the target 
area is measured using the vernier caliper and the absolute uncertainty in the 
measurement of length and width of the target area is ±0.1mm. Following section 
illustrates the calculation for relative resistance of the heat flux measurements.   
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Table 35 Absolute and relative uncertainty for limiting heat flux measurements of bare 
plate heat sink for type A TEG 
 
Absolute 
uncertainty 
Heat flux 
Relative 
uncertainty 
∆ ̇  ̇ ∆ ̇/ ̇ 
W W/m
2 
% 
73.02295 4031.25 1.811422 
160.4807 8859.375 1.811422 
194.926 10760.94 1.811422 
228.0128 12587.5 1.811422 
261.3542 14428.13 1.811422 
295.4882 16312.5 1.811422 
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Table 36 Absolute and relative uncertainty for limiting heat flux measurements of bare 
plate heat sink for type B TEG 
 
Absolute 
uncertainty 
Heat flux 
Relative 
uncertainty 
∆ ̇  ̇ ∆ ̇/ ̇ 
W W/m
2 
% 
150.9141 8331.25 1.811422 
262.26 14478.13 1.811422 
343.2079 18946.88 1.811422 
420.9292 23237.5 1.811422 
500.1223 27609.38 1.811422 
565.0788 31195.31 1.811422 
 
Table 37 Absolute and relative uncertainty for limiting heat flux measurements of 60mm 
fin heat sink for type A TEG 
 
Absolute 
uncertainty 
Heat flux 
Relative 
uncertainty 
∆ ̇  ̇ ∆ ̇/ ̇ 
W W/m
2 
% 
146.7535 8101.563 1.811422 
236.2208 13040.63 1.811422 
277.2042 15303.13 1.811422 
315.8667 17437.5 1.811422 
351.1895 19387.5 1.811422 
387.7575 21406.25 1.811422 
 
Table 38 Absolute and relative uncertainty for limiting heat flux measurements of 60mm 
fin heat sink for type B TEG 
 
Absolute 
uncertainty 
Heat flux 
Relative 
uncertainty 
∆ ̇  ̇ ∆ ̇/ ̇ 
W W/m
2 
% 
278.1665 15356.25 1.811422 
462.7617 25546.88 1.811422 
616.959 34059.38 1.811422 
703.0582 38812.5 1.811422 
798.8371 44100 1.811422 
886.2383 48925 1.811422 
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Table 39 Absolute and relative uncertainty for limiting heat flux measurements of 80mm 
fin heat sink for type A TEG 
 
Absolute 
uncertainty 
Heat flux 
Relative 
uncertainty 
∆ ̇  ̇ ∆ ̇/ ̇ 
W W/m
2 
% 
184.2556 10171.88 1.811422 
258.4107 14265.63 1.811422 
299.7621 16548.44 1.811422 
338.7925 18703.13 1.811422 
375.4738 20728.13 1.811422 
413.0891 22804.69 1.811422 
 
Table 40 Absolute and relative uncertainty for limiting heat flux measurements of 80mm 
fin heat sink for type B TEG 
 
Absolute 
uncertainty 
Heat flux 
Relative 
uncertainty 
∆ ̇  ̇ ∆ ̇/ ̇ 
W W/m
2 
% 
328.0938 18112.5 1.811422 
541.0491 29868.75 1.811422 
633.9977 35000 1.811422 
725.1066 40029.69 1.811422 
832.122 45937.5 1.811422 
910.9755 50290.63 1.811422 
 
 
Table 41 Absolute and relative uncertainty for limiting heat flux measurements of 100mm 
fin heat sink for type A TEG 
 
Absolute 
uncertainty 
Heat flux 
Relative 
uncertainty 
∆ ̇  ̇ ∆ ̇/ ̇ 
W W/m
2 
% 
192.1806 10609.38 1.811422 
267.8074 14784.38 1.811422 
313.3194 17296.88 1.811422 
349.5479 19296.88 1.811422 
384.9272 21250 1.811422 
424.9766 23460.94 1.811422 
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Table 42 Absolute and relative uncertainty for limiting heat flux measurements of 100mm 
fin heat sink for type B TEG 
 
Absolute 
uncertainty 
Heat flux 
Relative 
uncertainty 
∆ ̇  ̇ ∆ ̇/ ̇ 
W W/m
2 
% 
361.3787 19950 1.811422 
561.088 30975 1.811422 
663.6881 36639.06 1.811422 
748.9098 41343.75 1.811422 
841.9716 46481.25 1.811422 
946.4963 52251.56 1.811422 
 
 
Table 43 Absolute and relative uncertainty for limiting heat flux measurements of heat 
pipe heat sink for type A TEG 
 
Absolute 
uncertainty 
Heat flux 
Relative 
uncertainty 
∆ ̇  ̇ ∆ ̇/ ̇ 
W W/m
2 
% 
148.197 32725 0.452856 
154.5369 34125 0.452856 
165.0658 36450 0.452856 
173.8399 38387.5 0.452856 
182.8404 40375 0.452856 
 
 
Table 44  Absolute and relative uncertainty for limiting heat flux measurements of heat 
pipe heat sink for type B TEG 
 
Absolute 
uncertainty 
Heat flux 
Relative 
uncertainty 
∆ ̇  ̇ ∆ ̇/ ̇ 
W W/m
2 
% 
246.7474 9253.906 2.666413 
275.8739 10019.53 2.753362 
319.8292 11035.16 2.898275 
338.6397 11455.08 2.956241 
365.0935 11997.07 3.043189 
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APPENDIX F Thermoelectric manufacturers specifications 
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APPENDIX G Enlarged figures with large amount of 
information 
Figure 8 Lab setup and schematic of Fresnel lens solar concentrator with thermoelectric 
power generator with active cooling system (Li et al., 2010) 
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Figure 11 Schematic cross section of the thermoelectric generator attached to the two 
phase thermosyphon showing the heat flow path through the system (Miljkovic and 
Wang, 2011) 
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Figure 16 (a) Schematic of the proposed system for power generation using solar pond 
and thermosyphon with thermoelectric generators (Singh et al., 2011) (b) Salinity 
gradient solar pond located at RMIT University in Australia (Singh et al., 2011) 
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Figure 17 (a) Schematic of the test setup with hot water bath representing the LCZ, 
thermosyphon, thermoelectric cells and cooling water at the representing the UCZ (Singh 
et al., 2011) (b) Actual experimental test setup (Singh et al., 2011) 
 
 
 
